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i 
The GASKET computer code is  descr ibed here in  a s  
i t  existed on September 22 . The code has been in 
continuous development for - 2 yea r s  and in i t s  presented 
f o r m  has been applied successfully by General  Atomic 
to  the kind of problems discussed l a t e r  in this report .  
However, the development and improvement of the code 
a re  being continued, so that duplication of resu l t s  (o r  even 
close agreement )  between problems run with the code as 
published and the code a s  it existed ei ther  before or  a f te r  
this t ime i s  not necessar i ly  to  be expected. 
General  Atomic has exercised due c a r e  in preparation, 
but does not war ran t  the merchantability, accuracy,  and 
completeness of the code o r  of i ts  description contained 
herein.  The complexity of this kind of p rogram precludes 
any guarantee to that effect. Therefore ,  any user  must  
make his own determination of the suitability of the code 
for  any specific use,  and of the validity of the information 
produced by use  of the code. 
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1. INTRODUCTION 
-: 
With the advent of modern, fast, electronic computers it has be- 
come possible to construct and evaluate theoretical  models which des-  
cr ibe quite accurately the process  of neutron scattering by matter .  A 
l a rge  number of special  p rograms tailored to the character is t ics  of the 
individual moderators  occurring in  reac tor  technology have been wri t ten 
in the past, and have been used quite successfully for predicting neutron 
spec t ra  in reac tors .  This wide var ie ty  of computer programs,  ve ry  
often overlapping each other in their  scopes,  and each one requiring 
some specialized experience in o rde r  to yield sensible resu l t s ,  has 
made i t  highly desirable  to develop a method of calculating scattering 
kernels  by some unified technique which can be applied to all modera- 
to rs .  The outgrowth of this s ea rch  for a unified method of calculating 
neutron scattering is the code GASKET which has  a l ready  been used 
successfully for  a l a rge  number of problems. 
the incoherent approximation the double differential scattering c r o s s  
section can be expressed in the form 
It is well known that in 
.I. e, 
where S(a, 8) is a n  explicit function (usually called the scat ter ing law ) 
of only the two var iables  CII and defined as 
.I. 1
Some authors  define a nondimensional scattering law S ' ( a ,  8) = T S ( a ,  8). 
1 
2 
x and E being the neutron momentum and energy exchanges, M the atomic 
mass  of the main sca t t e re r ,  T the temperature ,  and Q the bound atom 
scattering c ros s  section. 
b 
;'c 
One of the drawbacks of most of the previous codes (excepting the 
English program L E A P ) ( l )  was that they ignored this explicit dependence 
of S on only two var iables  and calculated 
values of E 
GASKET calculates S a t  points of a two-dimensional a,  p mesh. 
this two-dimensional a r r a y  of S-values it is  then easy to obtain the double 
differential  c r o s s  section and the Pn scattering kernels  by interpolation 
and integration i n a  - fi  space.  
an auxiliary code called FLANGE. 
o ( E o 4  E, e )  for each s e t  of 
E and 8 of a given energy and angular mesh. Instead, 
0' 
F r o m  
This l a s t  s tep  i s  actually performed by 
(2) 
The advantage of this two-step scheme is twofold: f i r s t ,  the 
number of S-values to be calculated is considerably reduced. Typically, 
for H 0 a mesh of 80 x 80 (a, p )  points gives very  sat isfactory resu l t s  in  
the energy range 0-2 eV. The minimum number of points in E E, 0 
space required for  an equivalent accuracy would be of the o rde r  of 
80 x 80 x 15. 
would be even more  impressive.  
2 
0' 
F o r  moderators  with lower cut-off frequency the savings 
The second important advantage i s  that it takes  very  little t ime 
to recalculate  o ( E o d  E, 0 )  for different angular and energy meshes since 
most of the computing t ime i s  spent in  obtaining S ( a ,  p ) ,  which has to be 
computed only once. Fur thermore ,  the scattering law shows most of 
its s t ruc ture  a t  low fi  values,  while it is  r a the r  smooth for la rge  p ' s  
(i. e . ,  for ,3 >> w where w is the cut-off frequency of the mater ia l  
max max 
: 




origin and a gradually coa r se r  mesh  as fi  increases .  
fine mesh  for small energy exchange at all initial energies  between, 
say  0 and 2 eV, would requi re  a hopelessly l a rge  total  number of points 
i f  o(Eo-' E, 0 )  were  calculated at each angle-energy mesh  point a s  in 
previous codes. 
This permi ts  one to use a ve ry  fine 8-mesh near  the 
Clearly,  such a 
The keystone of the new approach is the use of numerical  methods 
For  most  scattering sys tems occur-  for  evaluating Four i e r  t ransforms.  
ring in pract ice  the Four ie r  t ransform x(a, t )  of the scattering law can 
be expressed in  a relatively simple analytical form. 
this  so-called intermediate scattering function and does the Four ie r  in- 
vers ion  numerically. 
one runs into the difficulty of rapidly oscillating integrands at l a rge  values 
of 8. This problem, however, is avoided by approximating x by a piece- 
wise l inear  function and integrating analytically over each l inear  segment.  
The details  of this integration procedure a r e  given in Section 7. 
detailed balance, the scattering law S ( a ,  8) is an  even function of 8. 
Hence its Four i e r  t r ans fo rm 
GASKET evaluates 
Using conventional numerical  integration schemes,  
Due to 
is a n  even function of t. Although it would s e e m  convenient to take ad- 
vantage of this symmetry,  it tu rns  out that due to numerical  problems 
ar i s ing  for  l a rge  values of fl  it is necessary  to work with the nonsym- 






A useful relation between the two forms  of the intermediate scattering 
function is 
which can be obtained by analytical continuation of the Four ie r  t ransforms 
is analytic in the domain -a< Re[t]< a, O S  Im[qs- 
n . sym 
2T 7-  ( assuming that x 
The numerical  Four ie r  inversion of Eq. (1. 3)  requi res  splitting X 
SYm 
into even and odd par t s  which then have to be inverted separately.  
ever ,  as a resu l t  of this sl ight complication it is possible to r each  any 
pract ical  value of P.  
pera ture  of 300 K the maximum required P is 40. 
6 the code a l so  provides a n  option to calculate S(a, 8) in Wick’s sho r t  
coll ision approximation. 
How- 
Typically, for  a cut-off energy of 1 eV and a tem-  
F o r  very  la rge  a and 0 
The increase  in  computing t ime due to the spl i t  into even and odd 
components is la rge ly  compensated by the much f a s t e r  convergence of 
the nonsymmetr ic  t ime integrals .  
uncertainty principle relating the widths of two distributions which are 
Four ie r  t r ans fo rms  of each other.  
The r eason  for this  can be found in the 
( 3 )  
As mentioned e a r l i e r ,  GASKET calculates the scat ter ing law in  
the incoherent approximation. 
separately and added to the diagonal elements of the P 
For  hexagonal c rys ta l s ,  for  instance,  the coherent contribution is calcu- 
lated with the code HEXSCAT. 
Coherent e las t ic  scat ter ing can be handled 




1 Je ic tXsym 6, t - &) dt  only i f  the stated Eq. (1 .5)  leads to,&, @) 2 - 
analyticity condition is satisfied,  a s  it can easily be verified by contour 
.I. e, 
2n  -03 
integration. 
5 
As mentioned above it would be desirable  to have a code which 
could be used for all common moderators.  With this goal in mind pro-  
vision has been made in  GASKET fo r  the following dynamical modes of 
the sca t te re r :  
1. F r e e  t ranslat ion (gas)  
2. Diffusive o r  Brownian motion 
3 .  Harmonic isotropic vibrations with continuous f r e -  
quency spectrum. 
4. Harmonic anistropic vibrations with continuous f r e -  
quency spec t rum (as applied for instance to graphite).  
5. Harmonic isotropic vibrations with d iscre te  f r e -  
quency spectrum. 
Any one o r  all of these modes may be present  simultaneously. 
t rea tment  in GASKET of Modes 1 to 5 a s  well as their  different com- 
The 
binations will be descr ibed in the following sections. 
ever ,  has  only been completed for combinations of Modes l ,  3 and 5. 
The coding, how- 
A common feature  of a l l  l is ted modes excepting anisotropic vibra-  
tions is that their  intermediate scattering function is exponential in a: 
When more  than one mode contributes to the scat ter ing,  we shall  
a s sume  that the resulting X-function is the product of the par t ia l  x- 
functions which a r e  then combined i n  the s imple fo rm 
x = exp a c w . G . ( t )  
[ i  1 1 1  
(1 .7)  
where the w 's  a r e  weight factors  normalized to 1: 
c w  = 1  i i  
6 
An important point to be mentioned is that for c rys ta l s  S(a, 8 )  
This has a 6 -function singular contribution due to  e las t ic  scattering. 
means that X(a, t )  approaches a nonvanishing limit a s  t goes to infinity. 
It i s  necessary  to subtract  this constant par t ,  which is essentially the 
Debye-Waller factor,  in  o rde r  to make the t ime integrals  convergent. 
Even in the presence of diffusion o r  Doppler broadening of this zero-  
phonon t e rm,  as occurs  in the case  of liquid, it is convenient to 
calculate its contribution to S(a, 8) independently in o rde r  to improve 
the t ime convergence. This will be discussed in Sections 3 and 4. 
When only Modes 1 o r  2 (i. e . ,  f r e e  translations o r  diffusion) 
contribute, the scattering law is evaluated analytically. The t ime in- 
tegration is used only i f  distributed vibrational modes a r e  present,  
whereas  the d iscre te  modes are  taken care  of by a convolution of the 
S(a, /3) for  the continuum with all the d i sc re t e  l ines ar is ing f rom the 
phonon expansion corresponding to each d iscre te  oscil lator.  The de-  
tails of this convolution procedure will be given in Section 5. 
c 
2. DYNAMICAL MODES 
In the previous section we have introduced the intermediate 
scattering function >(. 
designate the nonsyrnmetric intermediate scattering function as de- 
fined by Eq. (1 .3) ,  corresponding to the dynamical mode i according 
to the o rde r  in  which they a r e  l isted in Section 1. 
In this section the symbol X.(a, t )  shal l  always 
1 
All the X .  should be consistent with the following conditions 
1 
which correspond to P l a ~ z e k ' s ( ~ )  well known s u m  rules  for S(a, 8) and 
i ts  first few moments: 
x(a, 0) = l im  ~ ( a ,  t )  = 1 
t ' 0  
2 
= - & T T - ( a T )  
t = O  
(2.  3 )  
- 
( T  is  two-thirds of the mean kinetic energy of the scattering nuclei. ) 
Fur the rmore  the principle of detailed balance requi res  that X a,  t I- - 
be an even r e a l  function of t (for r ea l  a) .  
( lT) 
Of a l l  dynamical modes considered in Section 1, only the 4th 
(anisotropic vibration) requires  an average overorientations of the 
scattering system. This case  must  be t reated separately.  All other 
modes have an exponential X-function and can be combined according 
to Eq. (1 .7 ) .  
defined by Eq. (1 .6)  o r  
In the following we shal l  give the corresponding G.( t )  as 
1 
7 
2 . 1  FREEGAS 
According to Zemach and Glauber (6 1 
2 2  
G (t)  = iT t  - T t 1 
and 
G ( t t i / 2 T )  = - 
1 
The corresponding scattering law S is easily evaluated as 1 
( 2 . 4 )  
(2 .5)  
2 . 2  DIFFUSIVE MOTION 
A completely r igorous t rea tment  of the diffusive motion in liquids 
has not yet been given. F o r  most  pract ical  cases  it will be sufficient to 
use the approximate expression suggested by Egelstaff and Schofield (7 1 
G2(t) = 2d ({=- c) 
o r  
G 2 t t -  ( 2T i ,  = 2d ({m- c) ( 2 . 9 )  
9 
where d is  the diffusion coefficient and c an adjustable parameter .  Both 
c 1 a r e  nondimensional with our sys tem of units. The expression ( 2 . 8 )  has 
the c o r r e c t  asymptotic behavior for t + a  corresponding to c lassical  dif- 
fusion theory. 
Condition (2 .  2 ) ,  however, can only be satisfied i f  
It a l so  satisfies detailed balance and condition (2. 1). 
- 1  d - -  
C 
(2.  10) 
Condition (2 .  3 )  cannot be met simultaneously with Eq. (2. 2), but this is 
not a ser ious  handicap. 
The main reason  for adopting a diffusive G-function of the fo rm 
(2. 8 )  is that its contribution to the scattering law can be obtained analy- 
tically, with the resu l t  
(2 .11)  
Here K (x) is the modified Bessel  function of the second kind and f i r s t  
o rder .  ( 8 )  
1 
When the only nonvanishing weight is  either w the scattering law 
is obtained analytically f rom Eqs. ( 2 . 7 )  o r  (2. 11) and no numerical  inte- 
grat ion i s  required.  When d i sc re t e  osci l la tors  (Mode 5 )  a r e  added, the 
convolution procedure descr ibed in Section 5 still provides an  analytical 
expression for  S ( a ,  p ) .  
with continuous vibrational modes, Eqs. ( 2 . 7 )  and (2. 11) will be used 
to give the zero-phonon t e r m  ( see  Sections 2 and 4). 
values of cy, this t e r m  (which is a 6 -function when w 
sharply peaked function of fl  so that it is extremely convenient to have 
it in  analytical form.  
o r  w 1 2’ 
Fur thermore ,  when Modes 1 or  2 a r e  combined 
In fact, for  small 
= w = 0 )  is a 1 2 
10 
2.3 HARMONIC VIBRATION IN POLYCRYSTALS: ISOTROPIC 
FREQUENCY SPECTRUM 
The exact intermediate scattering function for the 8- th  a tom in 
the unit cell  of a harmonic c rys ta l  is 
where 
(2 .12 )  
(2. 13) 
N being the total number of unit cells ,  and the polarization vec- 
to r  of the 4-th a tom for  a normal  mode corresponding to the wave vector 
k and the branch s. 
takes  the much s impler  fo rm 
4 
For  a Bravais latt ice with cubic symmetry  Eq. (2. 12) 
X3(a,t) = exp a w  G (t)  [ 3 3 1  (2. 14) 
with 
(2.  15) 
and 




Here f(w) is the frequency spec t rum of the normal  modes of vibration 
of the crystal ,  whic.h is normalized to unity: 
f(o) dw = 1 i 0 
The quantity 
(2. 17) 
is the so-called Debye-Waller factor.  
a r y  pa r t s  in Eq. (2. 16)  we get 
Separating the r e a l  and imagin- 
y ( t )  = T f(o)(coth w/2T cos ut t i s inwt )  d o / w  (2.  18) I 0 
and fur thermore  
It is  s een  f rom Eqs. (2. 14) - (2. 1 6 )  that  for  the ve ry  special  case  of a 
cubic Bravais latt ice,  the c rys ta l  orientation has dropped out of the 
expression for X , which therefore  is completely determined by the f r e -  
quency spec t rum f(o). 
For a noncubic monoatomic but polycrystalline sca t t e re r  Eqs. 
(2. 14) - (2. 19) a r e  still good approximations, since for polycrystals 
it is necessary  to per form an  average overorientation of the micro-  
c rys ta l s .  In fact  one can  der ive  these equations direct ly  f rom Eq. (2. 12) 
12 
by averaging in  the exponent of its R. H. S .  
ing procedure is generally satisfactory,  since it gives the exact resul t  
in the limits x 4 0  and € 4 ~ .  
This approximate averag- 
2 
Fo r  a polyatomic c rys ta l  the simple frequency spec t rum f ( w )  is 
no longer sufficient to determine the X-function. 
case  it i s  seen  f rom Eq. (2.  1 2 )  that  the frequency spec t rum must  be 
weighted by the factor IC(4,lk ) I  . 
ceding paragraph, the X-function can then be obtained by substituting 
this amplitude weighted frequency spec t rum for f ( w )  in Eq. (2. 16)  - 
(2. 19) .  
In this more  general  
2 
Within the approximation of the pre-  
S 
The Four ie r  inversion of X (a, t) requi res  splitting this function 
3 
into even and odd components. 
more general  case when w 
This i s  discussed in Section 3 for the 
# 0, w1 f 0. 3 
2.4 ANISOTROPIC FREQUENCY SPECTRUM 
For  extremely anisotropic c rys ta l s ,  the approximate averaging 
In some cases ,  procedure used above might no longer be good enough. 
as for example, graphite,  i t  is possible to introduce a n  orientation- 
dependent frequency spec t rum of the f o r m  
(2.20) 
where 6 is the angle between a prefer red  direction i n  the microcrys ta l  
(the normal  to the basal  planes in the case  of graphi te)  and a fixed axis 
which is conveniently taken paral le l  to the momentum exchange x . 4 
f (a) and f (W) a r e  the frequency spec t r a  associated with modes having 1 // 
polarization vectors  perpendicular o r  paral le l  to the prefer red  direction. 
In this ca se  we get  
A 
1 3  
x4('Y, t )  = 1 d(cos0) exp{w4a L"//(t)cos 2 8 t G  (t) 
L 
0 
o r  
where G (t) and G ( t )  a r e  given by Eqs. (2. 15) and (2. 16)  with f(u) r e -  1 // 
placed respectively by f ( w )  and f (Lu). Both f (w) and f (w) a r e  normal-  1 l 1 // 
ized to unity. 
(8) The integral  in Eq. (2.  2 2 )  yields functions which a r e  well known 
(2.  2 3 )  
= +(1 /2 ,  3 / 2 ,  -x)  = 1 / 2  e r f  ( i 6 )  for x < 0 
where + denotes a confluent hypergeometrical  function. 
2 . 5  DISCRETE ISOTROPIC FREQUENCY SPECTRUM 
The frequency spec t ra  of molecular c rys ta l s  o r  liquids contains 
some ra the r  s h a r p  l ines corresponding to internal vibrations of the 
molecules (for instance the bending and stretching modes of the H 0 
2 
molecule i n  water  o r  the CH 
we can introduce the d i sc re t e  frequency spec t rum 
radical  in polyethylene). F o r  these modes 
2 




F r o m  the formulae of Section 2.3 we find at once the corresponding 
X-function. 
i Evaluated at t t - 2T it is 
(2. 26) 
2T 0 sinh - 




(2. 27)  





a a T w  a 
(n) (a) = I n ( Lk)exp (-aTw 5 q c  -coth 3) 2T 
2T 
- W sinh 
‘k 
I (x) being the modified Bessel  function of the first kind and n-th n 
order .  The Four i e r  t r ans fo rm of Eq. (2.28) is 
02 
S (a, 8) = C,(n)(a) 6 (T@-nuk) 
n=-W 
5, k 
(2. 3 0 )  
15 
F r o m  this and the convolution theorem it is easy to obtain S (a, p ) ,  the 
complete Four ie r  t ransform of Eq. (2. 2 6 ) .  Since d iscre te  vibrational 
modes can only occur in  combination with other dynamical modes, we 
shall  come back to this point in Section 5. 
5 
3. COMBINATION O F  MODES 1 AND 3 
F r o m  the definition of the nonsymmetric scattering law S ( a ,  p )  
according to 
(2.18) we get for this case 
(1. 3 )  and (1.4)  and recalling Eqs. (1.7),  (2. 5 )  and (2. 15) - 
Splitting the integrand into even and odd components we have 
f(U) coth-cos w Ut-]/ (3 .2)  
a T  [-wl'I't2 t w 3  I 2T 0 
0 
As mentioned in  Section 1, it is  convenient to separa te  f rom )((a, t )  the 
t e r m  which corresponds to zero-phonon scattering (or  e las t ic  s ca t t e r -  
ing in the l imi t  when w = 0) 1 
16 
17  
' 1'3 = X1(X3 - D) t XiD 
Then, defining the odd and even functions 
d o  F ( t )  = w T f(w) s in  u t  -
3 o 
and 
H(t)  = 
we can rewr i te  Eq. (3. 
W 
Lr; d o  w T / f(o) coth - cos ut - 
3 2T o 
'0 
3)  in the form 
( 3 . 3 )  
(3 .4)  
(3 .5)  
[p+awl) Tt + a F ( t j  * exp [awlT 2 2  t t a H ( t )  1 - 
0 
igTt 
-cos [/3tawl) Ttl exp (-awlT2t2)j  t 1 e X1(a, t)dt  (3 .6)  
-w  
o r  e l se  
with 
( 3 . 7 )  
18 
which follows f r o m  Eq. (2.7), and 
8’2D / dt [Q(t) cos A t - R(t) s inX t] e 
77 




h = ( p t a w l ) T  (3.10)  
(3 .11)  
2 2  -awlT t + a H ( t )  
R(t)  = s in  [aF(tU e ( 3 . 1 2 )  
The numerical  evaluation of the integral  in Eq. (3 .9)  will be described 
in Section 8. 
4. COMBINATION OFtMODES 2 AND 3 
This case  will be t reated in a manner quite s imi la r  to the pre-  
ceding one. 
into even and odd components. 
root in Eq. (2.  8)  in  the following form: 
First, it is necessary  to split G (t), as given by Eq. (2.  8), 
With this purpose we rewr i te  the square 
2 
7" Farg(7  i 2 2  t c  t i7) 
t T 2 t t 2  t r  e (c2 > 0) 
, I 
where r stands for  Tt. 
sign when r < 0. 
tently on the same branch of the square root. 
The minus sign applies when r > 0 and the plus 
This sign convention corresponds to staying consis- 
It i s  important to notice 
2 2  
that d r  t c - ir has two branch points at 
2 
Hence Eq. (1. 5) applies for  c > 0. 




G 2 even (t) = d f i  d d m  t T2t2 t c2 (4 .4)  
and 
G2 odd (t) = - q d f i  4- - T2t2 - c2 (4. 5) 
with 
(4.6) 
q = t 1  for t >  0 
q = -1 for  t <  0 
Thus we have factored X, into a product of an  even and an odd function of 
t. Now combining X 2 with X 3 as given by Eq. (2. 14) we obtain 
X(a, t )  = exp f-aw2 [-2dc t G2 even (t)ti G2 odd (ti] +aw3[- ( t )  - y ( o n )  
(4 .7)  
Recalling Eq. (2. 18) and introducing the functions 
(4 .8)  
(4.9) 
- 
H(t) = -W G ( t )  w3 H(t) 
F(t) = - w 2  G2 odd (t) t w3 F(t) 
2 2 even 
- 
and 
d c  - w 3 y(0g 




Notice that H(t) is even and F(t) is odd. 
Four ie r  t r ans fo rm o f  Eq. (4. 11) in the f o r m  
This permi ts  us to wri te  the 
_$(a, P )  = [ COS [PTt t(YF(t) exp aH( t )  dt 1 [-I (4 .12)  
Now for the same  reason  given in  the preceding section, we want to 
separa te  f r o m  Eq. (4. 12)  the contribution due to the zero-phonon t e r m ,  
Hence we wr i te  
( t j  exp Law G t E  77 [dt cos [PTt-aw 2 G 2 odd 2 2 even 
0 
o r  e l se  
S ( u ,  8) = (a,  8) t d2) (a, 6 )  
with 
{t2 t ?j)'" k2 t (2aw2d) 2 ] 1 / 2  1 
' K1 
22 
which follows f r o m  Eq. (2. l l ) ,  and 




The paral le l  with the preceding section is quite obvious. 
5. COMBINATION O F  DISCRETE MODES O F  VIBRATION 
WITH ANY ADMIXTURE O F  THE OTHER FOUR DYNAMICAL MODES 
The d i sc re t e  modes of oscillation a r e  taken into account by con- 
volving the scattering law obtained f r o m  the translational,  diffusive and 
distributed vibrational modes, with the n-phonon t e r m s  cor  responding 
to the different d i sc re t e  osci l la tors .  This convolution is done r ecu r -  
sively for  the pa r t  we have called S(l) in Sections 3 and 4, and analy- 
tically, as a multiple s u m  for S(2). (1) For  S we wr i te  
N 
where the coefficients C(n) (or) were  defined by Eq. (2 .29) .  In the p re -  
sent  section the symbol S!!) (or, p )  (i = 1 o r  2 )  shal l  denote the scattering 
k 
R 
(2)) law ( S ( l )  o r  S 
osci l la tors  of frequencies 
Eq. (5.1) is the maximum number of phonons of frequency 
s idered in  the calculation of S(or, 8); clear ly  it must  be of the o rde r  
computed including al l  contributions but the d iscre te  
and higher. The l imit  N of the sum in  %t1 k 
to be con- % 
T’max 
k Nk- 0 
is the maximum energy exchange for which a kernel  is going 
max 
i f  Tp  
to  be evaluated. 
23 
24 
The values of S(l) at the arguments  PT-ncd required in Eq. (5. 1) 
k- 1 k 
a r e  determined by logarithmic interpolation between the values obtained 
for  S ( l )  (a, 8) at the previous stage of recursion. k- 1 
For  S(')  the same recurs ive  procedure could be used. 
since the unconvolved S(') (a, p )  is calculated analytically, it is more  
convenient to wr i te  out S 
peated application of Eq. (5. 1 )  must  have the form: 
However, 
(2 )  explicitly as a multiple sum, which by r e -  
1 n = - N  1 
In pract ice ,  the number of d i sc re t e  oscillators hardly exceeds k = 2, so  
that fo r  the t ime being this will be the maximum k allowed for.  Each 
t e r m  in  Eq. (5. 3 )  is obtained analytically equating S( ' ) (a ,  @) to  the ex- 
press ion  ( 3 . 8 ) .  
0 
6. APPROXIMATIONS MADE IN GASKET 
6.1 SHORT COLLISION APPROXIMATION 
For  l a rge  values of QI and @ it is convenient to make Wick's shor t  
collision approximation for  the vibrational modes with continuous iso-  
t ropic  frequency spec t rum (Mode 3 ) .  
expanding the corresponding G-function in  powers of t and retaining t e r m s  
2 
up to t . Then, i f  diffusive and anisotropic vibrational modes a r e  absent 
(w2 = w 
convolved scat ter ing law (i. e. 
modes ): 
This approximation i s  obtained by 
= 0) one obtains the following analytical expression for the un- 4 
before convolving with the d iscre te  
e -PI2 S ( a ,  8) 
r 




& W T  
with 
wT = w T t w  T 
1 3 3  
and 
(6 .3 )  3 
w = w + w  1 
- 
T 
modes of vibration: 









= 1 / 2  / f(w) wcoth -dw (6.4)  
J 
0 
Expression (6. 1 )  is meant only for  downscattering ( p  < 0). 
should be calculated by detailed balance: 
Upscattering 
Clear ly  Eq. (6. 1 )  does not satisfy this relation, but this is not important 
for  l a r g e  values of where upscattering becomes very  small .  The 
shor t  collision approximation for Mode 3 can save a considerable amount 
of computing time. 
Q > Q  
mation is used, the zero-phonon t e r m  which w a s  called S ( ‘ )  (cy, 8) in  
Eq. (3 .7 )  must  be s e t  equal to zero  since all phonon t e r m s  a r e  included 
in the approximate expression (6. 1). 
s idered.  First, for  a > cy 
s e t  to ze ro  for all PIS; second for 1/31 
S(2)(cy, /3 - 
or  > psw It is used in  GASKET when ei ther  
where 6 a n d a  are  two input numbers.  When this approxi- sw sw’ sw 
Actually two cases  must  be con- 
the quantity S ( 2 ) ( ~ ,  8) ( s e e  Eq. 5 .  3 )  must  be s w  k 
but a! <a , the quantity ’ psw s w  
n.w./T) must  be equated to zero  whenever the argument  
0 1 1 1  
6.2 TRUNCATION O F  THE PHONON EXPANSION FOR MODE 5 
Equation ( 5 . 3 )  has been programmed for a maximum of two d is -  
c r e t e  osci l la tors  (k = 2). 
calculated. 
Fo r  each n in  the interval  
But not all the t e r m s  of Eq. (5. 3 )  are  actually 
The cr i te r ion  for  dropping sma l l  contributions is as follows: 
2 
- N  < n  C N 2  2 2  
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the exponential factor in 
is la rges t  when the argument 
is minimum. 
t e r m s  a r e  dropped for which 
Since this exponential factor gives the dominant behavior, 
where (3 is a very  smal l  (input) number. This is the same as 
> & l o g a  
min h - A  
A s  for the t e r m s  in S " ) ,  the logarithmic interpolation is car r ied  out 
only when the contributions a r e  expected to be significant, a s  discussed 
in Section 7.  2. 10. 
7. PROGRAM DESCRIPTION 
.I. 
7.1  MAIN PROGRAM"' 
The main p rogram of GASKET controls the over-al l  flow of the 
calculation, using subroutines for most  of the detailed calculation. 
This description of the main program follows the flow cha r t  of Fig. 1. 
The numbers  in parentheses  r e fe r  to the box numbers  on the flow chart .  
The shor t  collision t ime expression for S ( a ,  /3), as given by 
Formula  6. 1, is included as an  ar i thmetic  function SCT at the beginning 
of the main program, wi th  arguments  Q, By T, and W (weight). 
(1) All input and prel iminary calculations are performed by sub- 
routine PREP.  
( 2 )  If w3 = 0 (no distributed frequency spec t rum) ,  boxes 3, 4, 
and 5, which re fer  to  Mode 3 only, a r e  skipped. - 
( 3 )  If IPG # 0 (precalculated t, T, F(t) and H(t) available for in- 
put on ca rds ) ,  box 4 is skipped (this i s  a convenient option for polyatomic 
c rys ta l s  like BeO). 
(4) The integrals  F(t) and H(t) ,  Formulas  3.4 and 3 . 5 ,  a r e  cal-  
culated by the subroutine GTG (F and H a r e  called GS and GC in  the code 
i tself) .  GTG a lso  calculates r for Mode 3 according to Eq. 6.4. 
(5)  An effective tempera ture ,  TBAR13, for calculating S ( a ,  8) 
for Modes 1 and 3 in sho r t  collision t ime,  is evaluated. 
Waller integral  is obtained as 
The Debye- 
H(t=o) (for output only). 
W3T 
rl. -4. 
The coding of Modes 2 and 4 and the i r  combination with the remaining 
ones has not yet been completed. 
always be assumed that w = w = 0. 




3 5  I 
 CALL ERRMAP CALL PREP(1RST)  
TEAR13 = T I  -+ w3 : 0 
CALL  GTG 
T B A R I 3  = (WI.TI+W3T)/WI3 
DBWINT = GC( I ) .A/W3 
I# 7 
SEAR = 
I P  = NREST 
SC( I) = SCT(Q(IP), P(1) ,TEMP,TBAR13,WI 3 )  
S I ( 1 )  = S C ( I ) ,  S ( I )  = 9x1) 
S 2 ( I )  = 0, I = I ,  NE 
I 
3 4  3 3  4 3 2  
WRITE ( 1 0 7 ) ( S ( 2 ) ,  I = I , N E )  I P  = I P + I  
I b( JS5 : 0 1-
I t  
I I S ( 1 )  = S I ( 1 )  + 5 2 ( I )  (NOAM = I 
29 
CALL A C O N l ( S 2 )  
A 
W, = 0 OR NOAM#O 
OR JS5 # I  OR a ( I P ) 2 a S W  
T 










A N K ( K , I )  = II (ARGI  (K ) .PS) .EXP(  - P S * A R G Z ( K ) )  
K = I,JS5 I = 1.20 I 
# 
Fig. 1--Flow chart for GASKET 
30 .- 
(6)  IF JS5 = 0 (no d iscre te  l ines) ,  box 7, which calculates the 
contribution to the total  effective tempera ture  f rom the d iscre te  l ines,  
is skipped. 
(7, 8 )  An over-al l  effective tempera ture  for  Modes 1, 3, and 5 is  
calculated (for output only). 
(9)  
to NP, the maximum number of CL points. 
Fo r  a r e s t a r t ed  problem for which a sc ra t ch  tape containing S(cy, 8) values 
for a( l ) ,  . . . , a ( N )  has been saved, NREST = N t 1. 
is available: to recalculate S val.ues beyond some a ( N )  for an  existing 
S(a, 8)  deck, NREST is input a s  - ( N  t 1) along with the S ( a ,  8) deck. 
(10)  The value of S ( a ,  p )  in shor t  collision approximation,calcu- 
The main loop over all cy values covers  the range IP = NREST 
F o r  a new problem, NREST = - 0. 
One fur ther  option 
lated for all fl  and the cu r ren t  cy(l:P),is placed in  the a r r a y s  SC, S, and 
S1. 
.b -,- 
The Debye-Waller factor is se t  to 1, and S2 is se t  to 0. 
(11) If cy(1P) is g rea t e r  than cy , the value of cy beyond which 
s w  
S(a, 8)  for  Modes 1 and 3 i s  to be calculated completely in the shor t  
collision approximation, control is  t ransfer red  to the convolution sec-  
tion (Mode 5). Notice that when w = 0, TBAR13 = T1 (box 1). 
3 
( 1 2 )  If c y < c y S w  and w = 0 (no distributed frequency spectrum),  
3 
SI is s e t  to 0 (box 16) ,  and control t r ans fe r s  to box 19. 
(13) The w # 0 calculation begins with the Debye-Waller factor,  
2 3 
DBW, given by Eq. 2.17, o r  DBW = exp 1- H ( 0 j  . 
L J 
(14) The functions Q(t) and R(t), Formulas  3. 11 and 3. 12,  a r e  
evaluated for the ent i re  s e t  of t values. 
.I 1
In the present  section S1 and S2 denote the quantities which in  ea r l i e r  
sections were  called S ( l )  and S ( 2 ) .  
31 
(15) A check i s  made (subroutine ENDPT) to find the l a rges t  t 
value needed for  the main Four ie r  transformation (which takes - 8570 
of the calculating t ime)  by examining the behavior of the Q(t) and R(t)  
functions. 
a r e  compared to an input convergence c r i te r ion  (CRIT3) multiplied by 
Q(O), the l a rges t  value of Q(t)  and R(t). 
able upper t ime integration l imits  fo r  most moderators  calculated s o  
Sums of the absolute value of s e t s  of 20  adjacent Q(t) o r  R( t )  
This t e s t  has produced reason-  
far (HZO. DzO, Be, Cy CHZ, etc. ) except for  ZrH. The convergence 
c r i te r ion  fo r  this  par t icular  moderator has  to be made extremely smal l  
to include the significant a r e a s  of Q and R in the integration l imits.  
:: 
(16, 17) The actual Four ie r  t ransformation is done by subroutine 
, the value of 8 above which S l ( a ,  f l )  is cal-  SCINT, for values of 8 S 8 
culated in shor t  collision approximation. 
la tes  the nonsymmetric scattering law S( ')(a,  8), which for numerical  
reasons  is  better calculated for negative 8-values (downscattering). 
Since by input 8 2 0, the sign of the 8 ' s  supplied to SCINT must  be r e -  
versed.  
f o r m  S l ( a ,  8) by dividing by exp 
(which can only be due to numerical  e r r o r )  a r e  replaced by 0. 
S VI 
The subroutine SCINT calcu- 
The resulting S(')(CK, p )  is then converted to the symmet r i c  
Any negative values of S l (a ,  p )  2 .  
(18) S l ( a ,  6 )  for 8 > 19 
(19) IF w1 = 0 or NDAM # 0, control is t ransfer red  to box 21. 
is se t  to the SCT value. 
sw 
.I, 1
The explanation for  this can be found in the following argument.  
l a rge  Q the absolute value of the functions Q(t) and R(t)  (Eqs. 3. 11 and 
3. 1 2 )  becomes v e r y l a r g e  fo r  H(t) > 0 and ve ry  sma l l  for H(t)  < 0 (actually 
i n  the la t te r  ca se  Q(t)- - 1 and R(t)- 0). Hence in  o r d e r  to avoid stopping 
the calculation in  the first region of negative H(t) it is necessary  to make 
GRIT3 < 20/Q(O) which for la rge  ais a ve ry  small number. 
because of its frequency spec t rum and because M = 1 (main sca t t e re r  
is H) requi res  a l a r g e r  as, and hence a sma l l e r  CRIT3 value, than any 
one of the other moderators  considered so far. 
F o r  
Now ZrH, 
32 
(20) S2 is evaluated according to Eq. 3.8. 
(21)  Finally, the total  scattering l aw is gotten by adding the d is -  
However, i f  the tr ibuted and f r e e  gas  par t s ,  S(a,  8) = Sl (a ,  8) t S2(a ,  p ) .  
f r e e  gas  contribution has only been included as a device to speed up conver- 
gence of the Four ie r  t ransformation (NDAM # 0), S(a, 8) = Sl (a ,  8) only. 
( 2 2 )  Output for the unconvolved scat ter ing law is printed if  
a<a! . sw 
(23) If there  a r e  no d i sc re t e  l ines  (JS5 = 0), control is t r ans -  
f e r r e d  to  the end of the 01 loop. If JS5 # 0, provision is made for r e -  
curs ive  convolution of S ~ ( Q ,  s), with up to 20 l ines ,  and for analytical 
convolution of S2(a, 8) with ei ther  one o r  two lines.  More subroutines 
can be added for the analytic convolution of S2(a, 6) with more  than two 
l ines  if necessary.  
(23a) The coefficients for  convolution of d i sc re t e  l ines  with the 
scat ter ing law already obtained for Modes 1 and 3, a r e  calculated 
according to  Formula  2.29. 
(24, 25) If w3 # 0 the recurs ive  convolution routine (RCONV) is 
called for  S1. 
(26, 27, 28, 29) The one o r  two line analytic convolution routine 
( A W N 2  o r  ACON1) is called for  S2 i f  w1 # 0 and Q C aSw. 
convolution routines do not add contributions to S2 f rom any 8 2 
since for 8 > 
law. 
Crete l ines)  when w = 0, Q should be s e t  to a l a r g e r  value than the 
l a r g e s t  Q to  be calculated (otherwise the convolution routine would be 
bypass'ed for  01 3 a 
(30) The total  convolved scat ter ing l aw is calculated for all 8. 
(31) Output for the convolved scat ter ing law is printed (for alla). 
The analytic 
8 S W ,  
Sl(01, p )  contains the full contribution to the scat ter ing 
sw 
In o r d e r  to combine Modes 1 and 5 ( f ree  gas  and one o r  two d is -  
3 sw 
). Also PSw should be l a r g e r  than Pma,. sw 
33 
(32) At the end of the Q loop, S ( a ,  6 )  is wri t ten on a sc ra t ch  unit 
for  l a t e r  use by ERRMAP (which needs to have the en t i re  S(Q, 8) a r r a y  
available in  memory  at once) o r  for res tar t ing the calculation i f  the 
problem should run  out of time o r  a machine e r r o r  should occur.  If a 
warning t ime subroutine is a.vailable the code checks to see  if the warn-  
ing period has  s ta r ted  and terminates  the calculation at the cur ren t  a 
value if  i t  has. 
(33, 34) If t ime 
until Q = Q max' 
(35) Subroutine 
has  not run  out, the calculation is repeated 
ERRMAP is called to produce punched and 
printed output for S(u,  6 )  and an  e r r o r  map which es t imates  the e r r o r s  
made in interpolating logarithmically in either a o r  8. 
The basic flow of the code is for the general  case  w l  # 0, 
w3 # 0, w5 # 0. 
t u r  e. 
All other calculations bypass par t  of this basic  s t ruc -  
For  w1 # 0, 1w # 0, w5 = 0 the p rogram bypasses a l l  boxes f r o m  
3 
23a to 31. 
Fo r  w l  # 0, w3 = w5 = 0, using Q > Q the program follows 
sw max 
the path (given by block numbers)  10, 11, 12, 16, 19, 20, 21, 22, 23, 
32, 33, 34 and 10. If w5 # 0 ,  the sequence is 10, 11, 12, 16, 19, 20, 
21, 22, 23, 23a, 24, 26, 27, 28, 29, 30, 31, 32, 33, 34 and 10. 
For w l  = 0, w3 # 0, w 5  = 0, the path is: 10, 11, 12, 13, 14, 15, 
16, 17, 18, 19, 21, 22,  23, 32, 33, 34 and 10 f o r a < c r  and 10, 11, 
23, 32, 33, 34 and 10 for  a:> Q . F o r  w5 # 0, the sequence i s  10, 11, 
12, 13, 14, 15, 16, 17, 18, 19, 21, 22,  23, 23a, 24, 25, 26, 28, 30, 
31, 32, 33, 34 and 10 for Q c: Q and 10, 11, 23, 23a, 24, 25, 26, 28, 
30, 31, 32, 33, 34 and 10 fo r  Q > Q . It should be mentioned, however, 
that the c a s e  w 





= 0, w 
1 5 
# 0 is unphysical and leads  to singular s ca t t e r -  
Hence it should be avoided. 
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7 . 2  SUBROUTINES 
a. PREP. This subroutine reads input data and calculates ini- 
t ial  constants. 
read: the SCT switching parameters ,  a! and p , a r e  s e t  to 100 i f  
they have been left blank in the input; the convergence c r i t e r i a  for re -  
curs ive convolution, analytic convolution, and for truncating the t ime 
integrals a r e  se t  to 10 , 10 , and 10  i f  input is 0. The mass  in 
unified AMU is converted to neutron mass  units by dividing by 1.0086654. 
The weights w. a r e  normalized to unit sum and so  a r e  the a 
weights for the different l ines  of Mode 5). 
Several  var iables  a r e  modified by the code af ter  being 
sw s w  
-3 -3 -5 
(oscil lator 
1 k 
In o rde r  to check the adequacy of the frequency mesh, the ex- 
pr e s s ion 
> A  
z(wi) = 2 a. sinh(w./2T ) 
1 1 3  
1 
CY 
is calculated and printed. 
very  smal l  Q where this quantity becomes proportional to Z(Tp). 
This a l so  gives an easy check on - S ( a ,  6) for 
Although physically the tempera ture  should be the same  for all 
An modes, the code allows for different tempera tures  for each mode. 
over-al l  t empera ture ,  TEMP, is chosen as the maximum of the temper-  
a tures  of the various modes i f  not specified in  the input. 
Meshes for  CY and @ a r e  either calculated by subroutines MESH, 
read in completely, o r  the p mesh is calculated by MESH and the Q mesh 
is read  in. Values of p / 2  = Q M TEMP, and c = 6 TEMP, a r e  cal- 
culated for la te r  use. 
s e r i e s  of t ime intervals  for calculating the mesh  a r e  read. 
2 
The t ime mesh is either read in direct ly  o r  a 
Values of 
the expressions e 2 , 
35  
and 
a r e  then calculated (where k is the osci l la tor  index). 
b. ERRMAP. ERRMAP produces printed and punched output for 
The printed output includes a n  e r r o r  map which gives a n  est i -  S(Q, 8). 
mate of the e r r o r  made when interpolating S ( a ,  8) ( l inear ly  in the logari thm 
of S ( a ,  8)) between neighboring mesh  points. This es t imate  is obtained by 
comparing the value of S at each mesh  point with that calculated f rom the 
two adjacent a o r  fl  points. 
S ( 8 )  is wri t ten on a sc ra t ch  unit for each a as it is calculated, to 
save memory  space during thie main calculation; the S ( a ,  8)  array is read  
back into memory  by ERRMAP, which requi res  a l l  values of S ( a ,  8) for  
its calculations. S(a, p )  is multiplied by the tempera ture ,  T, at this point 
to produce values consistent with the definitions used in  FLANGE. 
c. SPCH. SPCH punches S(a 6 ) for  a fixed J and the range of I' J 
1 's  given in ILT(J)  and IHT(J). 
to allow for adequate labeling of the punched output without complicating 
the ERRMAP routine. The labeling, i n  Columns 73-80, consis ts  of the 
8-value index, J, in  Columns; 73-76 and a card  sequence number (for this 
8-value block) in Columns 77-80. Fo r  a fixed J, ILT(J)  and IHT(J)  a r e  
the lower and higher limits, respectively,  of the Index I for  which 
S ( a  
st ruct ions (Note 6).  
A subroutine f o r  this punching w a s  wri t ten 
8 ) sat isf ies  the significance c r i te r ion  descr ibed in  the input in- I' J 
36 
d. MESH. MESH is used as a simple method for  generating CY 
The m a x i m u m a  and p values a r e  and p meshes f r o m  a few numbers.  
determined f r o m  the input maximum energy, E moderator  tempera-  
t u re  T, and sca t t e re r  mass M 
max' 
= E  /T ,  a - 4 BmaxlM' 
'ma, max max 
The input numbers  Ag, p , Aa and a 
and 6 meshes  over  the ranges 
a r e  used to generate  uniform cy 
C C 
a = Act, ZAa, . . ., a , 
C 
6 = 0, A@, ZAP, . . . , 
The remainder  of the cy, 6 meshes  a r e  then filled out with geometrically 
increasing Q! and p intervals ,  a r ranged  to r e a c h a  
number of values requested in the input. 
and ,9 with the max max 
e. - GTG. GTG evaluates Eqs. 3 . 4  and 3. 5 for F(t) and H(t). The 
distributed frequency spec t rum for Mode 3 is fir st normalized multiplying 
by the factor  R, defined as 
where  NS is the number of points tabulated in the f(o) a r r a y ,  and f(w) is 
assumed proportional to w i n  the interval  0 S UJ 5 w 
2 
All the w a r e  1' S 
assumed nonzero, and it is understood that 0 = 0. F o r  t=o, subroutine 
0 
INTG is used to evaluate F(0)  and H(0). F o r  t#o, subroutine FTRANS is 
used. 
ately, using the w behavior of f(w) explicitly. 
Contributions f r o m  the interval  0 I w I W a r e  calculated sepa r -  1 2 
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f .  FTRANS. This routine is used by GTG to evaluate the inte- 
g ra l s  appearing in  Eqs. 3 . 4  and 3 .  5, namely: 




Since t can take ra ther  la rge  values,  a straightforward trapezoidal in- 
tegration would require  too many meshpoints. 
the factors  q(w) and r (w)  of the integrand to be l inear  between meshpoints, 
the contribution f rom each interval can be obtained analytically. Fo r  the 
interval (w 
However, i f  we take only 
, w ) the contributions to  the two integrals  a r e  
s - 1  s 
38 
and 





INTG. INTG is a g *  - trapezoidal integration routine for  calcu- 
lating the integral  
I = f N f ( x )  dx, N 2  2 
1 X 
where f(x) is assumed to be piecewise l inear  in each interval. 
contribution of the interval  x 
The 
I s -1 '  xsl is 
h. SCINT. This routine is very  s imi l a r  to FTRANS and i s  used 
for evaluating the integral  of Eq. 3.9 
S(X) = 1""" dt [Q(t) c o s h t  - R(t)  sinht] 
Adequate values for t will be discussed in Section 8. max 
39 
For  the speci.al case  = 0, the simple trapezoidal integration 
routine INTG is  used. 
the integral  is calculated a s  a s u m  over contributions (corresponding to 
Otherwise using the same scheme as for FTRANS, 
the interval t , t ) of the f o r m  
s-1 s 
s-1") S T -  s in  t X - C T .  cos t s-1 s = Q [ST- s i n t  x t C T .  c o s t  A S S S S 
"1 S S S 1 s -1  s -1  s - 1  - R (-ST. COS t A t C T .  s i n t  x t R (-ST- c o s t  A - C T .  s i n t  
where 
1 - s i n A  
A 
ST = 
I f o r n  = A t  > 0. 005 ( s - ts - l )  
J 1 - cos n A CT = 
o r ,  to avoid lo s s  of accuracy due to cancellation for small arguments  A 
\ for A s  0.005 
The nonsymmetr ic  resul t  of this routine is t ransformed back to the sym- 
me t r i c  f o r m  by the main p rogram immediately af ter  it is calculated, 
dividing by the tabulated factor exp (p/  2).  
i. STERP and SNEAR. The recurs ive  convolution of the sca t t e r -  
ing law corresponding to the continuous modes of vibration with the con- 
tr ibution f r o m  each one of the d i sc re t e  modes requi res  values of Sl(cr, 8) 
at arguments  between p-meshpoints ( s ee  Eq. 5. 1). The interpolation is 
40 
done l inear ly  in the logari thm of S1 by the subroutine STERP. This 
type of interpolation s e e m s  to be adequate for the var ious problems 
checked. 
ing it is des i rab le  to calculate only those t e r m s  of Eq. 5. 1 which make 
a significant contribution to the sum. In o rde r  to d iscard  the nonsigni- 
ficant t e r m s  subroutine SNEAR makes a quick est imate  of the inter-  
polated S1 by taking the average of its value at the two nea res t  8-mesh-  
point. 
not to include this t e r m  in  the sum. 
STERP i f  the t e r m  i s  to be retained. 
Since the logarithmic interpolation is somewhat t ime consum- 
The convolution subroutine (RCONV) then decides whether o r  
The 6 index is left  available for  
j .  RCONV. This subroutine per forms the recurs ive  convolution 
of S1 as given by Eq. 5. 1. 
unconvolved S1 w a s  calculated, i. e . ,  exactly by Eq. 3 . 9  (a < a ) o r  by 
the sho r t  collision approximation (a 2 Q 
The convolution is done no mat te r  how the 
s w  
). sw 
A flow char t  for RCONV is given in Fig.  2. The sum in Eq. 5. 1 
is first done for 0 5 n 5 N = [::'It - 1, the range f rom which the princi-  
pal contribution to S ( l )  is expected. 
(-NPHQ)N(k) 5 n 5 -1)  and ( N  t 1 5 n 5 NPH@N(k)), calculating contribu- 
tions f rom t e r m s  for  which C(")(Q!) a r e  nonzero and for which the approxi- 
mate contribution of the t e r m  to S ( l ) ,  as calculated by SNEAR, sat isf ies  
a relat ive cr i ter ion.  
The s u m  then ranges over the values k 
k 
k 
The symbol [A] is used for the integral  par t  of A. 
k. ACON1 and ACON2. These a r e  routines for the analytic con- 
ACON1 is used for the con- volution of S2(a, 8) for  01 < Q! 
volution with a single d i sc re t e  l ine,  and ACQ)N2 for two lines.  
routines may be added for a l a r g e r  number of osci l la tors .  
follows Eq. 5 . 3 ;  a flow char t  for ACON2 is given (Fig.  3 )  to show the 
specific methods used. The coefficients C(n) a r e  calculated in the main 
program. 
(given in  Eq. 2 .7)  a t  the cu r ren t  value of 01. 




The function SZ2(x) is the expression for  S(a, p )  for  a f r ee  gas  
41 
I I = 1 ,  NE 
4 
F K =  I I 
L I N  = 0 
I N P  = IXNl  + I 
5 + 
f I N  : NPHO > 
1 
K 1 555 RETURN 
K = K +  1 





I : NE I =  1 
Fig. 2--Flow chart for RCONV 
42 
~ + 
+ >  
+ 
IN1 : NPHON( I )  
S Z ( 1 )  = S2(1) t A N K ( 2 , I N Z P )  * S 2 0  
I 1 1 1  
.) 
RETUIIN n 
Fig. 3 - -F low chart  for  ACON2 
4 3  
1. BESSL. BESSL is a subroutine to calculate the I (x) of 
( 9  1 
n 
,. 2 .29  by a backward recurs ion  technique available i n  the l i t e ra ture .  
7 . 3  INPUT DESCRIPTION 
The input to the code is descr ibed on the following pages. The 
column labeled "Report Symbol'' lists the symbols used in  the text that 
a r e  different f r o m  the code symbols, which a r e  the names actually used 


































N P  
N E  
NDAM 
NGPRT 





I P G  
JS 3 
Report 
Symbol Des c riDtion 
Title Card 
Number of t ime points. If NT> 0, NT values of T will be read. 
If NT< 0, INTI sets  of AT and Tmax wi l l  be read. (Note 1) 
Number of Q values ( N P  5 80) 
Number of B values (NE d 150) 
Damping option (Note 2 )  
G function print option. 
Q and R function print option. NCP = 0 to omit, = 1 to print. 
Mesh choice option. NMESH = 0 to read Q! and 6 meshes,  = 1 
to calculate meshes using subroutine MESH, = -1 to read the 
01 mesh and calculate the f l  mesh. 
Restart  indicator. 
of the 01 value at which to begin for a r e s t a r t  problem. 
Convolution print option. 
Separate S1, S2, output option. 
S1 t S = 1 to punch S 
NGPRT = 0 to omit, = 1 to print. 
P 
P 
NREST = 0 for a new problem = the number 
(Note 3 )  
NCVP = 0 to omit, = 1 to print. 
NSEP = 0 to punch combined 
2' t S2, Sly and S 2' 
Precalculated H and F option. 
functions (GC and GS in the code) f rom an input frequency 
spectrum, = 1 to read already calculated values. 
IPG = 0 to calculate H and F 
Number of points in distributed frequency spectrum. 
values of the frequencies will be read. If JS3< 0, the maximum 
frequency is read and IJS31 evenly spaced values a r e  calculated. 


















Format  Symbol Symbol 
I5 JS4 
I5 JS5 
5ElO W l - W 5  
5E10 T1-T5 
E10 TEMP T 
E10 AM M 
E10 DC d 
E10 BETSW fis, 
E10 ALPSW cysw 
E l  0 GRIT 1 
E l  0 CRIT 2 
E l  0 CRIT 3 
Description 
Number of points in anisotropic part  of the frequency spectrum. 
JS4C 0 as for JS3. (JS4 5 100) 
Number of discrete  oscil lators.  
otherwise) 
(JS5 S 2 if W1 # 0, JS5 5 20 
Weight of Mode 1-5. (not necessarily normalized) 
Temperature G f  Mode 1-5. (eV) 
Over-all temperature for all modes. 
TEMP = max(T1, . . . , T5). If left blank o r  0, 
Mass of scat terer .  
neutron mass. ) 
Diffusion constant. 
(amu) (The code divides this value by the 
A 
ul 
fl value above which short  collision time (SCT) approximation 
is used. if a 2 ALPSW. BETSW = 100 if  left blank. 
CY value above which SCT approximation is used -- for a l l  f l .  
(ALPSW = 100 i f  left blank) 
Criterion used in recursive convolution of S1 with a delta line. 
(CRIT1 = 0. 001 if  left blank) 
Criterion used in analytical convolution of S2 with delta lines. 
(CRITZ = 0.001 i f  left blank) 
Criterion for truncating time integrals. 
if left blank) (Note 4) 
(CRIT3 = 0. 00001 
Code Report 





If JS3 = 0, Skip Cards 7 and 8 
If IPG # 0, Skip Cards 7 and 8 
Descriotion 
7E10 x 3  w If JS3> 0, JS3 values of the frequency a r e  read (ev). 
If JS3C0, X3(IJS31) is read, and X3(I) = (I-l)X3(IJS31)/1JS31, 
1=1,. . . IJS3l. 
If JS3< 0 and X3(IJS3()< 0, Skip Card 8 (Note 5) 
7E10 Q3 f (  a) Distributed frequency spectrum, Mode 3. (Unnormalized) 
If JS4 = 0, Skip Cards 9 and 10 
7E10 x4 Ld As in Cards 7 and 8 €or Mode 3. I 
7E10 Q4 f (  w )  




11 1-70 7E10 x 5  
12 1-70 7E10 Q5 a 
13 1-70 711 0 NPH@N 
If NMESH = 0, Skip Card 14 
IlzaX 
14 1-10 E10 EMAX E 
11-20 E l  0 DALPHA Aa 
21-30 E l  0 ALPHAC olC 
Frequencies of delta lines, Mode 5. 
Weights of delta lines, Mode 5. 
(eV) ( m l <  W2< . . . < j55) 
Maximum number of phonon t e rms  calculated for the correspond- 
ing delta lines. NPHGN s 20 for each line. 
Maximum energy of mesh chosen. (eV) 
interval. (a 1 = DALPHA,.a2 = 2*DALPHA,. e - ,  a = ALPHAC) 











Columns Format  Symbol Symbol De s c r ipt ion 
fl interval. ( f i  = 0, fi = DBETA, f13 = 2 DBETA,. . . , f l  2 BETAC) 1 2 32-40 E10 DBETA Afl 
41-50 E l  0 BETAC flc fl value at which mesh spacing begins increasing geometrically. 
If NMESH > 0, Skip Cards 15 and 16 
1-70 7E10 ALPHA QI a mesh 
If NMESHC 0, Skip Card 16 
1-70 7E10 BETA fl  0 mesh (02 0) 
Lf'IPG = 0, Skip Cards 17-19 
- 
1-10 E l  0 TBAR T Effective temperature for Mode 3 (eV). 
1-80 8E10 T t Integration t ime values (sec). 
1-80 8E10 GS,GC H, F Values of the pre-calculated GS and GC functions, in the o rde r  
(GS(I), GC(I), 1=1, NT). 
If NT < 0, Skip Card 20 
1-70 7E10 T t 
Lf NT > 0, Skip Card 21 
1-10 E10 DT At 
11-20 E l  0 TMAX 
1-10 I1 0 ID 
-1 
Integration time points (eV ) 
-1 
A t  (eV ) for t ime mesh. 
t max (eV ) (INTI sets ,  s ee  Note 1)  








Format  Symbol Symbol Description 
I1 0 NPT S(CY, p )  output option. NPT = 0 to punch on cards ,  NPT = 1 to 
write a binary output tape, N P T  = 2 to do both. 
F r e e  a tom cross section. (barns) f E l  0 SIGF U 
E10 EPS Significance Criterion for S(CY, 6) output. (Note 6 ,  Note 7) I 
If NREST 2 0, Skip Card 23 
S(CY, p )  deck in  ENDF/A format. (Note8 -) I 
Note 1. If lNTll  < 0, t s t a r t s  at 0 and increases by At 
up to T U X  
until t 2 t max then by A t  1' 2 up to T U Z ,  and so on 
INTI' 
Note 2. If NDAM = 0, Parts 1 and 2 of S wi l l  be calculated if W1 # 0. 
and the Mode 1 contribution (free gas)  is only used to damp the Q and R functions. 
If NDAM = 1 only S1 wi l l  be calculated, 
Note 3. A tape containing S(CY, 8) for CY =  CY(^), . . . ,CY (NREST-1) must have been saved. 
i+19 it19 ~- 
Note 4. Time integrals a r e  cut off a t  t i if m a x ( c  Q., E' R.)/Q, L CRIT3. 




If JS3 < 0 and X3((JS31) < 0, a Debye spectrum, f(w3) = 
If S(Q, 8) x e 
choice. 
w i l l  be'calculated. 
3 '  
' p / 2  -6 
< EPS- Max (S(a p )  x this (CY, 8) point is not punched. EPS = 10 is a n  adequate 
Note 7 .  If Card 22 is blank, punching and e r r o r  map printout are skipped and code returns to Card 23 for next input. 1 
I Note 8. If NREST < 0, a previously calculated S(a ,  8)  deck is read and all CY points f rom INREST1 on a r e  re- calculated. 
c 
7 . 4  OUTPUT DESCRIPTION 
7.4. 1 Printed Output 
The f i r s t  section of output consists of the input data and a few 
2 
calculated quantities: 
CY, c = PT for  each 8, the Debye-Waller integral  y(0) (Eq. 2. 16), the 
effective tempera ture  for Mode 3 (Eq. 6 .4)  ( i f  w3 # 0), and the over-al l  
effective tempera ture  for Modes 1, 3 and 5 ( i f  w3 # 0). 
The values of x / 2  = a M T  corresponding to  each  
If NGPRT # 0, the integrals F and H (Eqs. 3 .4  and 3 .  5 )  a r e  
printed, for each t value. 
If NCP # 0 and w3 # 0, the functions Q and R (Eqs.  3.11 and 
3. 12 )  a r e  printed for each t value. 
The main calculation evaluates the scat ter ing law as a function of 
, each block of output is headed by the CY values,  /3 for each CY. 
the number of points used in the basic integration for  S1 (Eq. 3 .  9) ,  and 
the Debye-Waller factor (Eq. 2. 17). The r e s t  of the block consis ts  of 
@ and the unconvolved values of S l y  S leS/Z,  S2, SZeS/2, S, Se ’” and 
a last column giving Se”‘ in the shor t  collision approximation. If 
w 
the coefficients C(n) (Eq. 2. 29)  and then the convolved scat ter ing law in 
the same format  a s  the unconvolved data. 
data  is printed ( i f  w5 # 0). 
F o r  CY<(Y 
sw 
# 5 each one of the preceding blocks i s  followed by another one giving 
5 
k 
For a > a s w  only the convolved 
When w # 0 the re  is no output for   CY>^ . 5 sw 
If a timing subroutine is available, the f ract ion of computation 
t ime used for  calculating the Q and R functions, T(CHI), for  per form-  
ing the S1 integration, T(S), for  the recurs ive  and analytic convolution 
with two d i sc re t e  osci l la tors ,  T(CGNV1) and T(C@NV2), - are printed. I 
The r e s t  of the output re la tes  to the total  S (S1 t S2) i f  NSEP = 0, 
(the usual c a s e )  o r  is repeated for S l y  S2, and S 1  t SZ if  N S E P #  0, in 
which case  separa te  punched output a l so  is produced for S1, S2 and Sl+S2 
for use  by l a t e r  codes, giving SP(a,  8) = TS(a, 6 )  ( see  footnote on page 2). 
I 
5 0  
SP(cy, 8) is then printed as a function of ar for each fl  but only for the 
range in which the significance c r i te r ion  (described in  the input) is 
satisfied. 
Interpolation e r r o r  maps for fl  interpolation for fixed cy and for 
cy interpolation for fixed f i  a r e  printed last. 
Sample output for H bound in  H 0 at room temperature  is given 
2 

















1 7  




















5 .9u0U00-02  
7.5OOUOO-02 

















~ , ~ a 0 ~ 0 0 - 0 2  






















6 , S U O 1 3 2 - 0 1  










420- MOIJIFIEJ 1965 EYGLISH FREQUENCY SPECTRUM. SAB MUMBEH 5 
NT= -5 \P=  2 NE= 83 QDAM= 0 ILGPRT: 1 ;JCP= 1 UMEShz 1 NREST= -0 NCVPZ-0 NSEP=-0 I P G = - O  
JS3= 29 J S r =  0 dS5= 2 
rJl-#iS= 5.555560-02 0.000000 4 444444-0 1 0 0 0 0 0  0 0  5*000000-01 
T l - T S z  2.55OOUd-02 0.000000 2.550000-02 0.000000 2.550000-02 
M= ~ . 0 0 0 0 0 0 + 0 4  3= 0.000000 
SCT Foa S.LT.J 3H 3ETA.GT. 2.OOOOOO+Ol 3 d  AL?HAoGT. 2.000000+01 
CAITEHLSY FOii C O ; . ( Y ~ L I J T I O I . ~  OF ?ART 1= 1.OOuOOC-03 CRITSi?.IOiv FOR C O h V O C t J T I O N  O F  PART 2= 1~000000-03 


































































































































































































































































































































































































































































































































































































































































































































































70 3.144553t31 8.018623-01 7 1  3 .441596t01  8,776070-01 7 2  3.769275+01 9.609100-01 
73 +.127551+d1 1.052526+00 7 4  4.522679+01 1.153283+00 75 4.957236+01 1.264095+00 
76 5 . 4 3 5 1 5 5 t U l  1.385965+00 77 5.960764+01 1.519995+00 7 8  6.534823+01 1.667400+00 
79 7.174563+u1 l .a29514+00 80 7.873743+01 2.007804tOU 
31 inax 
b 1.000000-31 2.000000+00 
2 2.000000-01 5.000000+00 
3 5.oouooo-01 2.000000+01 
4 1.00u000+00 1.000000+02 
5 b.000000+00 6.000000+02 







1 3  
15 
1 7  
1 9  












r 5  
r 7  
49 















a . 0 2 8 3 ~ 7 - 0 1  
d .911297-0 i  
i . 2 3 9 a 2 ~ 0 3  





















6 5 .000000-01 
8 7.000000-01 
1 0  9.000000-01 
1 2  1.1000i10+04 
14 1.300000t00  
16 1.500000+OU 







32 ~ . Z U O O O O + ~ Q  
34 4.600000+00 
36 5 .000000+00 











































































6 3  
6 5  
6 7  
69 
7 1  
7 3  
7 5  
7 7  
7 9  
8 1  
8 3  
8 5  
87  
8 9  
91 
93 
9 5  
9 7  
9 9  
1 0 1  
1 0 3  
105 
1 0 7  
1 0 9  
ill 
1 1 3  
11s 
1 1 7  
113 
1 2 1  
1 2 3  
125 
1 2 7  
1 2 9  
1 3 1  
1 3 3  
135 
1 3 7  
i 3 9  
141 
1 4 3  
lr(5 
1 4 7  
1 4 9  
151 
1 5 3  
1 5 5  
1 5 7  
1 5 9  
1 6 1  
1 b3 
165 
1 6 7  





































































- l .U22944+00 
-1.021377+00 
-1.016850+00 














































































































1 0 4  
106 
1 0 8  



































































































































































































1 7 1  
1 7 3  
175 
1 7 7  
1 7 9  
181 
1 8 3  
1 8 5  
187 
1 9 1  
1 9 3  
195 
















~ 2 9  
231 

















































2 . ~ 0 0 u 0 0 + u 2  
2.340000+32 








2 . 9 4 0 0 0 0 + ~ 2  
2.980UOO+u2 
3 . ~ 2 0 3 0 0 + U 2  
3.060000+U2 










3 . + 6 0 ~ 0 0 + 0 2  





















-a. 6 9 2  766-02 
-9.194169-02 
-7 .3  46 7 44-0 2 

























































































1 7 4  
1 7 6  





































































































3 .600000t02  
3.640000+02 






















































































~ . n 7 7 ~ a + o 2  
u.s+6aa3-02 
























































d3. j  











































9. > O O d O O + L I J 2  
Y . 3 4 0 J u 0 t LI 2 





















i l .3UO~00+02 
5.~2ouuu+u; 

































































-5.5b 7 122-0 3 
-1.513352-02 
-2.93814H-02 
2 a 748OU2-02 
-1.90a~4+02 





-2.41 4 2 3 5 4  2 
-2.197773-02 
-9 E il U6555-0.5 
a.651211-03 
2.3 16483-O L 
2.t101143-Oc 
2.031199-0d 
4, 705976-OJ - 1.390 733-02 
-2. 723424-OL 











































- i . i v a 5 8 5 - 0 ~  











































































U . ~ ~ O O L I O + O L  
4.280 0 I) 0 +O 2 
4.32OOUOt0L 
4.3600JU+'32 *. +o 0 0 0 0 t O  2 
u.440000+02 
4. ( r 8 O O O O + O 2  
U.520@00+02 
4.5b0000tn2 
I ( .  60 00 00 +0L 
4.64000Ot0L 
4 . 6 8 0 0 0 0 t ~  
U.720000+0~ 
J.7bOflG0tflL 
u * S O O O C O + ~ 2  




5 . 0 0 0 0 0 0 + 0 ~  
5.fl40000+02 
5 . 0 8 0 0 u o t n ~  
5 . 1 2 O O U U + 0 2  
5.160000+06 
5.20Of lU0t02 













5 . W O O U O + O L  
5 . u e o o o u t o ~  
5 .8000~0tn2  
5 . a t i 0 0 0 0 t o ~  
5 . 9 2 O O U O t f 1 2  

























































2. 4 s  3a 5- n 3 




-5.62 3 9 2 9 4  3 























- ~ . o w + o ~ - o ~  
1 . 9 5 6 a m - n 2  
3.5562a7-973 
-5.416391-03 
- i . a * ~ n s i - n 2  
-2.4QOO25-02 - 2. 0 w 3 r 7 -13 2 
-c) .4 95 2 2 6 - 17 3 
7.419Ulh-CZ 
2.037722-52 
2.527Cq 1 -P 2 
7.199512-03 
-6.0 7 13 6s-P 3 
-1 .634356-02 
















































































L S J t 0 2  







J. l U + 0 2  
3.22+02 
J , 3 0 + U L  














+ . o u + O L  
4.74tUL 










3 . 6 ~ t J L  































- 2 .  b b l - 0 5  
3.315-bb 





















































- 1 . ~ ~ 0 7 - O 5  
4.023-9b 
l . a U l - 0 5  
1.91 1-36 
-1.254-05 






























3. 4 8 t 0 2  
3 ,  sb+O2 
3, b4+02 
3,72+O2 








4. r 4 + 0 2  
4,32+02 
4.6u+02 







5 . 2 4 t 0 2  
5 J2+OL 
5.40+02 
























2 . 6 7 ~ - 0 5  
-1 . 4 4 ~ - 0 5  




































































2. ~ a - 0 5  
1.65l-US 
1.616-U5 





































4, r o + 0 2  





5 .  U2+02 
5.10+02 
5 . l d + 0 2  




































































5 0 0 4-05 
1 177-05 





3 2 1  1-05 






















-1 2 13-05 



























































































































1, v 3 - 0 5  
-2.q 11 -05 
-1,505-05 
1.507-n5 






1 . ~ 0 ~ - 0 5  
-q.7in-q6 
-2. I 33-05 
-2. f 7 7 - i l 6  
I. 7 4 - 0 5  
7.975-05 
-1.544-05 
5 . ~ 7 - n ~  
-1 .C99-175 
I .  QQn-05 









1. n I 2-05 












































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































0 . G O O S i ) O  
0 . ( lo0000 
0.000000 
0.J00000 


















































0 . o o o o o o  
0 . o o o o o o  
0 . 0 0 0 0 0 0  
0 .000000 
0.000000 
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7.4.2 Punched Output 














17A4, A2, 5X.15 
llHDCC2~,,,402 , 11X 1H4. 5X 1H5, 1x15 
6(1PE 11.4, 1X) 
Variable 







2 9 H D C C 1 , , , , 4 0 1 , , , 3 , , , ~ , , , ~ , , 1 6 ,  13X 1PE 11.4. IX 
BETA (1) 
6(1PEll .4,  1X)  (ALPHA(I), I= 1 , I X )  
6(1PE 11.4, 1X) (S(1, l), I=l ,  IX) 
Cards 7 and 8 a re  repeated for J=2 ,  JX (remaining fl  values 
29HDCCl, , , ,401 , , ,~ , , , ,4 , , , , ,0 ,  16, 16, 7x 1PE 11.4 LDB 
IL 
BETA(J) 
6( 1PE 11.4, 1X) (S(1, J). I=l,  JX) 
11 H END,,,,5OO 
Description 
Comments and ID number 
Number of B points 
Free atom scattering cross sec- 
tion (barns) 
Maximum @ value (= E 
Scatterer mass (neutron mass units) 
Maximum energy (eV) 
De bye - W aller integral 
Number of O! values 
First p value 
O! values 
S(a,  8) for first 8 value 
/T) max 
LDB=IHT( J)-ILT( J) t l  
IL=ILT( J) 
J 8 value 
~ ( a ,  p )  for J~ 8 value 
End-of-deck indicator 
th 
The arrays ILT(J) and IHT(J) contain values of the lower and upper limits of S(a, p ) ,  for the Jth 8, which satisfy 
the significance criterion 
S(aI, 0,) > EPS - max [ S ( a ,  8) e q. 
t = space 
8. SAMPLE PROBLEMS 
Input for a few representat ive moderators  is given in this s ec -  
tion, along with computer produced plots of S(CL,B)  vs  CL for a range of 
B-values, and a discussion of the choices made for  some of the more  
a r b i t r a r y  input numbers.  
8.1 INPUT 
Tables 1, 2, 3 and 4 list the input data  for some scattering law 
calculations made recently.  
water  a t  room tempera ture  and a higher temperature ,  the third and 
fourth a r e  for  graphi te  and hydrogen bound in  zirconium hydride at 
room tempera ture .  
Table 2 (H 0 at 500 K) l is ts  only those data that a r e  different f rom 
Table 1. 
The f i r s t  two a re  for hydrogen bound in 
Numbers not specified a r e  taken to be zero.  
0 
2 
8.2  MACHINE PLOTS O F  S(a, B )  
A plotting p rogram has been wri t ten to produce seve ra l  types 
of machine plots ( in the Stromberg-Carlson 4020 plot ter)  for each 
S(o l ,p )  deck. 
to scan  the l a rge  amounts of data  produced in  a reasonable t ime. 
plots given in  F igs .  4, 5, and 6 are of S(a, f l )  vs  CL for the @-values given 
in Tables 5, 6, and 7,respectively.  








1315 NT-5 7E10 x: .205,  . 4 5  5 7E10 X 




N C P  
NMESH 1 
NREST 
-- . 00125 --- 7E10 Q, 1 /3 ,  213 . 000 37 5 
. 005  -- . 01L75 
-- .01125 -- 7E10 NPHON 10, 5 . 019125 
.0255 . OL 
. 03 L875 . 0 3  125 DALPHA . 0 5  
.03825 . 045 ALPHAC . 5  
.044625 . 059 DBETA . 0 8  
-- 5E10 EMAX 2.0 








5E10 W 1  
w 2  
w3 
w 4  
w 5  















. 1  2. 
. 2  5. 
.5 20. 
1. 100. 


















. l o 2  
. 108375 
.11475 













T 3  . 0255 
T 4  
T5 .0255 
T E M P  
7E10 A m  1.00866 
2110, ID 296 
3E10 NPT 0 








. 1 5 3  -- . 0459 
. 15937 5 .0431 





































w 4  
w 5  
T1 
T2 
T 3  

































. . . . . . . .. - . ~. 
7 9  -
Table 3 






NT-9 7E10  










































w 2  
w 3  
w 4  
w 5  
T 1  
T2 
T 3  
T 4  
T5  








1 .0  
. 2 5  
2. 































0.  01 
0.1  
3 . 0  5.80642 
4.63802 6. 0 
9.  0 
22. 0 
24.0 
1 0 0 . 0  



















2110, ID 34 
3E10 N P T  0 
SICF 4.7 
EPS 
T a b l e  4 
13A6, A2 COMMENTS: H( ZrH) at room temperature 
1315 NT-5 7E10 












315 JS3 -84 
JS4 
JS 5 
5E10 ~1 5 
w 2  
w 3  .99995 
w 4  
w 5  
6ElO T1  .0255 
T2 
T3  .0255 
T 4  
T5 
T E M P  
7E10 Am 1.00866 
DC 
BETSW 160. 





x3  Q3 
0.168 e 00034 , 3 6 8 6 1  
. 00141 + 25702 
.0032  ,16956  
. 00568 . 10584 
, 0 0 8 8 8  06313 
, 01275 . 03492 
.01736 .01845 
.02268  . 00923 
, 02873 ,00437 
.03546 00195 
(points $1 0. 








, 2 5 7 0 2  
. 36861 
. 5  
.64171 
77917 
, 8 9 5 0 3  
, 9 7 2 6 5  
, 03492 









5E10 EMAX 1.0 
DALPHA - 5  
ALPHAC 5. 
DBETA . 2 5  
BETAC 30. 
2E10 DT TMAX 
. 3  6. 
. 6  18. 
1 . 2  60. 
3. 300. 
6. 3100 
2110, ID 36 0 
3E10 NPT 0 
SIGF 20.36 



















. 2 4  
. 4 8  
. 7 2  
. 96  
1 . 2  
1 . 4 4  
1 . 6 8  
1 . 9 2  
2. 16 
2 . 4  
2 .65  
2.97 
3 .  39 
3.96 
4. 72 
5 .72  
7 .06  













1 .oo*oo I .OO*Ol I .00-01 
A L W P  
0 















































a ( *  , S I  
1 . O O - O l  
I .OO-OP 
I .OO-O4 I I I 1 1 1 1  I , I  _ _  I I 3 , I , , ,  
I I I 1 1  I 1 1 1 1  I I I I t t t l  1 I I I I I I ] +  
1.00-09 
1 .OO-OI 1 .OO*OO 1.00-01 
ALPHA 
0 
Fig. 5 - - S ( a , p )  for  graphite at 1000 K 
Table 7 
















































l.00-0l 1 .oo+oo l.OO+OI 
ALPHA 
Fig .  6 - - S ( a ,  p) for H ( Z r H )  at 1200°K 
1 .oo.oe 
8.3  DISCUSSION O F  CHOICE O F  INPUT PARAMETERS 
The basic physical model chosen is  sufficient to specify most  of 
the GASKET input. There a r e ,  however, s t i l l  a few pa rame te r s  which 
must  be specified by the use r .  
these pa rame te r s  a r e  given here .  
A few guidelines and suggestions for 
For  the present  method of calculating S 1  for w3 # 0, the follow- 
ing prescr ipt ion has provided adequate t ime meshes:  
t 2 2 0 m / e  
max min 
At max < 2 n / ( 5  'max) 
where 8 
there  is significant s t ruc ture ,  and 8 
Mode 3 .  
( in  eV) is the lowest frequency point for Mode 3 a t  which min 
i s  the frequency cut off for 
max 
The t ime  mesh  should s t a r t  out with relatively smal l  intervals ,  
since most  of the important s t ruc ture  occurs  at sma l l  t, gradually in- 
creasing to At 
max' A reasonable 
choice for a f i r s t  t r y  is  
At / 2 0  
max 
t / 2 0 0  max 
At / 1 0  t / 8 0  
max max 
At / 5  
max 
t / 2 0  
max 
t / 5  max At / 2  max 
rnax 
At J max t 
The rationale for this scheme i s  that a t  l a rge  t imes  
damped oscil lation with a period determined by the lowest frequency 
s t ruc ture  in the distributed frequency spectrum. 
covers  about 10  f u l l  cycles of this longest wavelength behavior. 
Q(t) and R(t)  show 




smal les t  wavelength is determined by the cutoff frequency of the dis-  
tributed frequency spectrum; the choice of At 
per  full cycle of the shor tes t  wavelength behavior (a t  l a rge  t ' s ,  where 
the amplitude of the oscil lations a r e  small) .  
absolute ru les ,  and in each case  a careful check of the adequacy of the 
t ime mesh  is necessary.  
puts about five points 
max 
Of course these a r e  not 
Choice of c11 and /3 , the values of a and p beyond which 
sw sw 
S ( a ,  8) is calculated in shor t  collision t ime approximation has been 
made empirically.  
m e t e r s  on single- and double-differential quantities, conservative 
choices have been made so that a fair ly  smooth t ransi t ion to SCT be- 
havior is obtained for 
differential cross section (presumably the quantity mos t  sensit ive to  
choice o f a  and 6 ). 
Lacking detailed studies of the effect of the para-  
S(a, /3) which is proportional to the double- 
sw sw 
The l a rges t  number of phonon t e r m s  calcglated for each oscil lator 
is given, conservatively, by the maximum energy for  which S(c11, 8) is to 
be calculated, divided by the frequency of the osci l la tor .  
-6 
A value of 10 for  the significance c r i te r ion  used to d iscard  in- 
significant values of e@'' S ( a )  for fixed f i  has been adequate for  a l l  
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APPENDIX 




PSZPSQ ( I P I  
DO 500 I = P t N E  
S C ( I ) = S C T ( A L P H A ( I P ) P B E V A ( I ) , T E M P P T B A R ~ ~ , W ~ ~ ~  
s l ( l ) = s c ( I )  
S 2 (  I )  =o e 
3 0 0  5 ( I ) = S C ( I )  
IF(ALPHA(IP).GEeALPSWP GO TO 5 2 0  
Dt3WZ.l o 0 
c 
c C H P t  MODES 1-4 
CALL TICKER(VSTAHT1 
Dt3ki=1 0 




DO 400 I = f o N T  
EXl=EXP(t lPS*GC(IP)  
EX2=EXP(-APS*Tl*T(I)**2) 
R(I)=SIN(BPS*GS(I))*EXl*EX2 
Q ( I ) = ( C O S ( B P S * G S ( I ) ) * E X 1 - 1 . ) * E X 2  
4 0 0  CONTINUE 
DBWP=OBW/3o1415927 
GO T O  430 
- 410 00 420 I = B P N E  
4 2 0  Sl(I)=o. 
430 CONTINUE 




C Sv MODES 1-4 
CALL TICKER(TSTART1 
I F ( N C P ~ N E . 0 ) W R I T E ~ I O ~ ~ ~ 4 O ~ I P , A L P H A ( I P 9 ~ P S ~ ( ~ ( ~ ~ ~ Q ~ ~ 9 ~ ~ ( ~ ) ~ ~ = ~ ~ ~ T 9  
440 FUHMAT(lH1//20X6HALPHA I 2 r 2 H  = l P E 1 5 * 6 t B H  P* *2 /2=€15*6 /  
11OX13HTs O ( 8 ) t  R ( T ) / 4 ( f X E 9 0 2 , 2 E l l o 3 ) )  
CALL ENDPT(NT,NTiRIH,Q(l)sCRIT3~ 
CALL E N D P T ( N T , N T l Q , Q s Q ( f ) r C R I T 3 )  
NTl=MAXO ( N T l R p N T l Q )  
C A L L  S C I N T ( T , Q , R P E P S M ~ § P ~ A P S P D B W P ~ N T ~ ~ N E X )  
DO 450 I=PvNEX 
S l ( I ) = S l ( I ) / E B 2 ( I I  
450 I F ( S l ( I ) o L T o O . ) S 1 ( I ) = 8 .  
IF(NEX1oEQ.O)GO 80 4 7 8  
00 460 I = N E X ~ P N E  
460 S l ( l ) = S C ( I )  
4 7 5  CONTINUE 
470 IF(WloEQ,OaB eANDo NDAMoNEIO) GO TO 485 
SZCON=DBW*SQHT(AM/(l2.5663~P*PS*~~*T~)~ 




















IF(JS5qtWoO)GO TO 620 
D O  ti25 KZlrJS5 
CALL BESSL(AHGS.(K)*PS s 6Fu 28 1 
EX=tXP(-PS *ARG2(K) 1 
DO 525 I=1,20 
ANK(KPI)=BF(I)*EX 
RECURSIVE CONVOLUTION OF S(PART 1) WITH DISCRETE OSCILLATORS 





CONVOLUTION OF S(PART 2) WITH 2 DISCRETE OSCILLATORS 






P F ( W l o E Q ~ O ~ O e O R o N D A M o N E o O o O R . J S 5 s N E o 2 9 G O  TO 540 
CONVOLUTION OF S (PART 2) WITH f DISCRETE OSCILLATOR 
I F ~ J S 5 0 N E o 1 ~ O R ~ N D A M ~ N E o O ~ O R ~ W l . E Q ~ O ~ O ~  GO TO 550 
CALL ACONl 
CONTINUE 
IF(ALPHA(IP).GE.ALPSW) GO TO 550 
l S ( I ) , S E B ( I ) r S C E B ( I ) , I = 1 , N E )  
610 FOKMAT(lHl//fOX6tiALPHA 1 2 ~ 3 t i  = ~ ~ P E ~ S . ~ P ~ S X ~ H C O N V O L V E D / /  
1 5 t i  I v ~ P X ~ H B E Y A I ~ P X ~ H S ~  0 1 5 H  Sl*EXP(BETA/2)r 
211X4HS2 ~ 1 5 H  S2*EXP(BETA/2),12X3HS r14H S~EXP(BETA/2)ollXSHSCB 
3/(J5rlPBE15e6)) 
REWIND 107 








W R I T E ( I ~ ~ ~ ~ ~ ~ ~ ) T C H ~ P T S X ~ ’ T C O N V ~ ~ V C O N V ~  
IOIO F O K M A T ( / / / l O X 7 H T ( C H I ) = P P E 1 3 . 5 r 3 X 5 H T ( S 9 = E ~ 3 . 5  
‘19HT(CONV2)=EI3 .5 )  
C 
3X 
C A L L E R R M A P ( N E , N P v A e P H A , B E V A s E 8 2 , H O L v T E M P ~ ~ M ~ N S E P ~ E M A X ~ D B W ~ N T v ~ R S ~ ~  
GO 80 I D  
END 
c 
raI FOR P t IEP /S l rPREP/S l ,PHEP/R l  
SUBHOUTlNE PREP(1RST) 
COMMON ~ ~ ~ L ( ~ ~ ) P N T , N P I N E , N D A M , N G P R T I N C P ~ N M E S H , N R E S T , N C V P ~ N S E P ~  
~ N S U M C V I J S ~ ~ J S ~ ~ J S ~ ~ W ~ ~ W ~ ~ W ~ ~ W ~ ~ W ~ ~ ~ ~ ~ T ~ ~ T ~ ~ T ~ ~ T ~ ~ ~ E M P ~ A M ~ D C ~  
2 6 E T S W ~ A L P S W ~ C R I T 1 ~ C l ~ I T 2 ~ C R I T 3 ~ X 3 ~ l ~ O ~ ~ Q 3 ~ l O O ~ ~ X 4 ~ l O O ~ ~ Q 4 ~ l O O ~ ~  
3 X 5 ~ ~ O ~ ~ W 5 ~ 2 0 ~ ~ N P H O N ~ 2 O ~ ~ A L P H A ~ l O O ~ ~ ~ E T A ~ l 5 O ~ ~ E ~ 2 ~ l 5 O ~ ~ P ~ Q ~ l O O ~ ~  
~ E P ~ ~ ~ ~ ~ ~ ~ T ~ ~ ~ ~ ~ ~ ~ H ~ ~ O O O ~ ~ R ~ ~ ~ O ~ ~ A N ~ ~ ~ O ~ ~ ~ ~ V A ~ G ~ ~ ~ O ~ ~ A R G ~ ~ ~ O ~ ~  
5 B F ~ ~ 1 ~ ~ S K ~ 1 5 0 ~ s S l ~ l 5 O ~ ~ S 2 ~ l 5 O ~ ~ S l E ~ ~ f 5 O ~ ~ S 2 E ~ ~ l 5 O ~ ~ S E B ~ l 5 O ~ ~ S ~ ~ 5 O ~  
6 ~ S C ~ 1 5 0 ~ ~ W 1 2 ~ R ~ 1 0 0 0 ~ ~ Q ~ 1 0 0 0 ) , G S ~ 1 0 0 0 ) r G C ~ l O O O ~ ~ Z P H O N ~ l O O ~ ~  
7 E P S M ( 1 5 0 9 , S C E B ( 1 5 0 ) ~ I P ~ W ~ 3 ~ T B A R l 3 ~ N E X ~ N E X l ~ T S X ~ T C O N V ~ ~ ~ C O N V 2 ~  
B T C H I ~ S Z C O N ~ P S ~ I P G F T B A R  
COMMON /STERPC/SLOG(lSO) 
COMMON / I O C O M / I O ~ ~ I ~ ~ ~ I ~ ~ P I O P C ~  
REWIND 107 
R E A U ( I O S t f 0 )  
~HOL,NT,NPPNE,NDAMINGPRTPNCPINMESHINREST~NCVP,NSEP~IPG~YS~,YS~,JS~~ 
~ ~ ~ , W ~ ~ W ~ ~ W ~ ~ W ~ V T ~ , T ~ V T ~ ~ T ~ P T ~ ~ T E M P P  AMPDCVBETSWPALPSWICRIT~, 
~ C H I T ~ P C R I T ~  






W R I T E ( I ~ ~ , ~ ~ ) H O L I N T , N P , N E , N D A M , N G P H T I N C P , N M E S H ~ N R E S ~ ~ N C V P , N S E P ~ X P G  
P , J S 3 , J S 4 , J S 5 , W 1 , W 2 s W 3 , W 4 , W 5 , T 1 P T 2 , V 3 , T 4 , T 5 ~ A M ~ D C ~ B E T S W , A L P S W ~ C R ~ T ~  
~ P C H I T ~ V C R I T ~  
f 7 H  NGPRT=I2,5H NCP=I2r7H NMEStl=l[2,7H NREST=I3,6H NCVP=Y2,6H NSEPZI 
2 2 ~ 5 H  IPG=I2//5X4HJSJ=15,6H YS4=15,6H JS5=13//5X6HWl-W5= 
31P5E15.6//5XbHTl-T5=5E1506 //5X2HM=E15*6~10X2HD=El5o 
46//5X26HSCT FOR S e L T - 0  OR B E T A ~ G T ~ E ~ ~ * ~ P ~ X ~ ~ H O R  ALPHAeGTeEI5.6// 
5 5X36HCRITERION FOR CONVOLUTION O F  PART 1 = E 1 5 * 6 ~  
65X 36HCHITERION FOR CONVOLUTION OF PART 2ZE15.61 
75X 43HCHITEHION F O R  TRUNCATION OF TIME INTEGRALS= E15.61 
20 FORMAT( lHl / / / lOX2OA4 //5X3HNT=I5,5H NP=I3,4H N E z f 9 ~ 6 H  N D A M Z I ~ P  
w 12=w 1 + w2 
AM=AM/fo0086654 
C CONVERT MASS I N  UNIF IED AMU TO NEUTRON MASS UNITS 
c 
4 FORMAT ( 7 E f 0 . 4 )  
ZF(IPG,NE.O)GO TO 80 
I F ( J S 3 o E 9 * 0 )  GO TO 8 U  
I F ( J S 3 * G T e O ) R E A D ( I 0 5 r 4 ) ~ X 3 ( ~ ~ ~ ~ = ~ ~ ~ S 3 ~  
IF(JS3eGTaO)GO T O  50 
HEAD ( I 0 5  t X 3 M A X  
J S X - J S 3  
IDEd=O 
IF(X3MAX*LTeO*O) IDEB=1 
I F ( X 3 M A X . L T * O e O )  X 3 M A X = - X 3 M A X  
DXJ=X3MAX/FLOAV ( J S 3 )  
x3(1)=Ux3 
DO 40 1 = 2 ~ 4 5 3  
40  X 3 ( I ) = X 3 ( 1 - 1 ) + D X 3  
5 0  CONTINUE 
IF( IDEB.EQe0) GO TO 55 

R N = VJ 3 / A M  





GO T O  240 
IF(NT.GT.O)READ(IO5r~)(T(I),P=f,NT) 





DO 230 I=lvNTR 
REAU(I05t4)DTvTMAX 
TMAXP=TMAX-DT/2. 
W H I T E ( I O ~ P ~ ~ ) I ~ D T I ~ M A X  
245 CONTINUE 
15 F O H M A T ( / / ~ O X I ~ O X ~ H D T ~ ~ ~ X ~ H T M A X / )  
16 FORMAT(IlOtlP2E1Sr~) 
220 T ( N T + l ) = T ( N T ) + D T  
NT=NT+l 










IF(JS5eEQ.O) GO TO 270 
sw=o e 
DO 2501=1*4S5 










c MODE 5 PRELIMS 
DO 310 P=lrJS5 
RH=005*X5(I)/T5 
U=EXP ( HR 1 
U=Q*5*(U=1o/U~ 
A R G l ( I ) = b 4 5 * Q 5 ( I ) / ~ A M * X S ( I ) * U ~  
PF(WS.EO,O.O)GO T O  320 
J 318 AHG2(I)=W5*Q5(P)/(AM*X5(I)*TANHo) 
320 CONTINUE 
c 
3 4 0  
350 
3 6 0  
370 
380 
3 9 0  
IHST-0  
IF(hHESTeEQo1)GO T O  350 
iF (NHESToLToO) IRST=-NHEST 
X F ( N H ~ S T o L T o O ) N R E S T = - N R E S T  
IF (1HSToNEoO)GO TO 350 
NHESTM=NHEST-l 
H E A U ( I 0 7 ) G C t G S e T B A R  
UO 3 4 0  i = l e N R E S T M  
k E A D ( I 0 7 ) P S  
I F  (1JSL.P. NE 0 1 READ ( IO7 1 PS 






Do 36U I = l e N k  
N E X = I  
IF(BLTA(X)oGT*BETSW) GO TO 370 
C O h T  I NUE 
IF (NEXoEQ.NE)GO T O  580 
NEX1=NEX 
NE x = N t  x - 1 




MI FOR EHHMAP/Sl e ERt*MAP/Sl v ERRMAPIRl 
SUBHOUTINE EHHMAP(JX, IX ,ALPHA~BETA,EXBH,HOLLDV,B,NSEP~EMAXOA~AM~ 
OIMENSION A L P H A ~ ~ ~ ~ ~ E T A ~ ~ ~ ~ E X B H ~ ~ ~ ~ H O L L ~ ~ ~ O H O L ~ ~ ~ ~ ~ S ~ ~ ~ ~ ~ ~ O ~ U  
COMMON DUM(1000),S 
1 XU51 1 
11LT(150)~IHT(150)vW(l50) 
c o M N m  ~ I O C O M ~ X O ~ ~ ~ O ~ ~ ~ O ~ ~ Y O P C H  
EMAX=BETA(JX)*T 
H E A D ( I 0 5 v 2 0 ) I D v N P T t S I G F I E P S  
20 FORMAT(2110~3E10o4I 
IF(FLOAT(ID+NPT)+SIGF+EPSrEQ,O.)  GO T O  930 



















DO 10 I=IHSTvIX 
IF(NSEP.€QoO)READ[IO7) (S(ItJ)rJ=PtJX) 
IF(NSEPeEQo0)GO T O  10 
GO T O  (Ilrl2rl3)vISEP 
READ(I07) (S(I,J) ,J=lrJX) 
READ(IO7lC 
READ(I07)C 










DO 430 J=lr JX 






DO 480 J=l,JX 
DO 440 I=PPIX 
IL=I 
I F ( S ( I I J ) * E X B H ( J ) - C ) ~ ~ O ~ ~ ~ O ~ ~ S O  
C O N I '  I NUE 
PLT (J) = O  
IHT(J)=O 
GO TO 480 
ILT (J )  =1L 
00 470 I=ILvIX 
If(S(I,J)*EXBH(J)-C9470~470~468 
IHT (J) =I 
470 CorJT I w t  
480 c o r w r u  C=====PHIIJT AND PUNCH s-“”’“””””-^”’------------------~----------- _-_-__---------_-- -____c_______________-- -- -- 
500 GO T O  (SOltS02t503)~ISEP 
501 d 1 3 I T C ( I O b r 5 0 5 )  
502 kHITE(106t506) 




507 FORMAT (lH1//20X2ti52) 
508 CONTINUE 
69 1-0 w a  
WHIT~(IO6~509)IDeSPGFtEPS 





509 F O R M A T ~ Y H O I D = I ~ ~ ~ X ~ H S P G F = P P E ~ ~ . ~ P ~ X ~ H E P S = E ~ ~ O ~ ~  
520 FORMAT(25HOSP(ALPHAtBETAE FOR BETA 1 4 ~ 2 H =  Ff0e5/(6(I6,8PEP2059~~ 
530 CONTINUE 
IF(NPT-l)540~620v540 
540 GO TO (541~542t543)sPSEP 
541 IF( XOPCFi) 2541t354~2541 
3541 PUNCH 55itHOLvID 
2541 W K I T E ( J O P C H P ~ ~ ~ I H O L P ~ D  
4541 CONTINUE 
GO TO 4541 
GO T O  544 
5(02 IF(IOPCH)2542~3542~2542 
3542 PUNCH 552tHOLvID 
GO 10 4542 
2542 W R I T E ( I O P C H ~ ~ ~ ~ ) H O L P ~ D  
4542 CONTINUE 
GO T O  544 
543 I F ( I O P C H ) 2 5 4 3 r 3 5 4 3 ~ 2 5 4 3  
3543 PUNCH 553, HOL, ID 
GO T O  4543 
2543 W R S T E ( S O P C H ~ ~ ~ ~ ) H O C P ~ D  
4543 CONTINUE 
544 CONTINUE 
551 F O R M A T ( ~ ~ A ~ ~ A ~ P ~ H S ~ + S ~ ~ ~ ~ ~  
552 FOHMAT(17A4vA2s5HS1 e151 
553 FORMAT(17A4vA2r5HS2 ,151 
PO40 IF(IOPCH)2040t3040~204~ 
3040 PUNCH 105OtJX 
2040 NKITE(IOPCHv105O)JX 
4040 CONTINUE 
BO50 FORMAT(ilHDCC2 402~EPXbH~r5XPH59fXP5) 
GO T O  4040 
EPb=EMAX/T 
PF(IOPCH)2001~3001~2OOf 
GO T O  4 0 0 1  
3001 PUNCH 560vSEGFsEP5~AsEMAXvAhAM 
12 
2 0 0 1  W R I V E ( I O P C H ~ ~ ~ O ) S I G F ~ E P § P A P E M A X P A L A M  
4 0 0 1  CONTINUE 
5 6 0  F O H M A T ( 6 ( l P E l l r 4 r f X P )  
I F ( I O P C H ) 2 0 0 2 v 3 0 0 2 ~ 2 0 0 2  
GO 10 4002 
3002 PUNCH 1060v IXvBETA(1 )  
2 0 0 2  W R I T E ( I O P C H P ~ O ~ O ) I X ~ B E T A ( ~ ~  
4 0 0 2  CONTINUE 
1060  FORMAT(29HDCCl 4 0 1  3 (0 O I 6 * 1 3 X l P E P P * 4 1  
3003 PUNCH 5 6 0 1 ( A L P H A ( I ) , I = l @ I X )  
2003 WRITE(IOPCHs560)(ALPHA(I)rI=I,IX) > 
4003  CONTINUE 
IF(POPCH)2003v3003v2003 
GO TO 4003 
CALL § P C H ( S ( 1 v 1 ) v 1 P I X ~ l )  
00 1110  J = 2 s J X  
I L = I L T (  J) 
I F ( I L ) 1 0 9 0 ~ 1 0 9 0 ~ 1 0 7 0  
1 0 9 0  I H = I H T ( J )  
LDB-IH-IL+I  
I F  ( IOPCH) 2004  v 3004 I 2004 
GO T O  4004  
3 0 0 4  PUNCH 1000vLDBv ILvDETA(J I  
2004  ~ K I T E ~ I O P C H v 1 0 ~ 0 ~ L D ~ ~ I L v ~ E T ~ ~ J ~  
4004  COIJTIIJUE 
1080 FOHMAT(ZYHDCC1 4 0 1  4 4 O I ~ P P ~ P ~ X P P E ~ ~ ~ ~ P  
C A L L  S P C H ( S ( 1 v J ) v I L v I H s J )  
GO T O  1110 
1090  I F ( I O P C H ) 2 0 0 5 s 3 0 0 5 ~ 2 0 0 5  
3005 PUNCH 1100vBETA(J )  
2005 WRITE(fOPCHv1100)BETA(J) 
4005  CONTINUE 
d l 0 0  FORMAT(29HDCC1 4 0 1  19 4 Qv6H 2v6H Pt7XPPE11e 
GO T O  4 0 0 5  
14 1 
DAM=C/EXBH(J) 
P F ( I O P C H ) 2 0 0 6 ~ 3 0 0 6 ~ 2 0 0 6  
GO T O  4006  
3 0 0 6  PUNCH 1105vDAMvDAMvJ 
2006 W R I T E ( I O P C H F ~ ~ O ~ Y D A M I D A M I ~  
4006 CONTINUE 
1 1 0 5  F O R M A T ( 2 ( b P E l P c 4 , l X 9 v 4 8 X I 4 ~ ~ X ~ ~ ~ )  
I l l 0  CONTINUE 
I F ( I O P C H ~ 2 0 0 7 ~ 3 0 0 7 ~ 2 0 0 7  
3007  PUNCH 1 1 2 0  
GO TO 4007 
2007  W R I T E ( I O P C H P ~ ~ E O )  
4007 CONTINUE 
1120 FORMAT(11HEND 5009 
P F ( N P ~ - 1 ) 6 3 0 r 6 2 0 ~ 6 2 0  
W R I T E ( I O ~ ) H O L ~ I D P V , A P S P G F  
RITFLAGZP 
6 3 0  CONTINUE 
620  REWIND I 0 7  
A L A M  P 1 X 




131 FOR ENDPT/SltENDPT/SltENDPT/Rl 
SUBROUTINE ENDPT(NTtNTNtXtSCALEtCRIT3) 
DIMENSION X ( 1 )  
NTNZNT 
DO 20 I=lvNTt20 
SUMZO e 
JP=I+19 





GO TO 30 
END 
XF(SUM/SCALE*LEeCRITJ)GO T O  40 
17 - 
Q L  FOR SPCH/SltSPCH/SltSPCH/Rl 
SUBROUTINE SPCH(So1LtIHtLAB) 
* DIMENSION S(80)tP(6) 
COMMON /IOCOM/I05oIObrI0?tIOPCH 
NCzl 
00 10 I=ILtIHt6 
1u=1+5 
L=I 
DO 5 J = 1 ~ 6  





GO TO 3000 











P I  FOR FTRANS/SltFTRANS/SltFTRANS/Rl 
SUBROUTINE FTRANS(TMPtXtQtYtPCtPStNStNR) 
DIMENSION X(l)tQ(1)tY(1),PC(I)tPS(l) 
DO 20 I=ltNH 
PC ( I  1 =o. 
PS( I )  =o 
SM=X(l)*Y(I) 
SINSM = SIN(SM) 
COSSM = COS(5M) 
ZM=EXP(X(l)*O*5/TMP) 
DO 10 J=2tNS 
IF ( X ( J ) o E Q e  X(J-1)) GO TO 1 0  
S = X(J)*Y(I) 
SINS = SIN(S) 
COSS = COS(S1 
Z = EXP (X(J)*O*5/TMP) 
IF (AaS(S /SM- loO)*LE*5 .E-7 )GO TO L)O 
IF (T*GToO*OOS) GO T O  30 
ST = T * * 2 / 6 r  T**4/120* 
GO T O  40 
30 SINT = SINS * COSSM = COSS * SINSM 
COST = C O S  * COSSM + SINS * SINSM 
T S-SM 
CT = 0 * 5 * T  T**3/24*  
ST = 1, - SINTIT 
CT = (l*-COST)/T 
40 P C ( I ) = P C ( I ) + Q ( J ) / X ( J ) * ( Z + l r / Z ) / ( Z - 1 . / Z ) * ( S T * S I N S + C T * C O S S )  























DO 10 J=ZtNT 





IF(ABS(V/VO~1o0)oLEo5oEo7) GO TO 40 
IF(A8S(V)rGToOo005)GO TO 30 
S T = ( V * * 2 ) / 6 0 - ( V * * 2 ) * * 2 / ~ 2 0 0  
CT=V*0.5-V**3/240 
GO T O  40 
30 CONTINUE 
DO 20 I = i , N E  

















IJIL F O I t  
sutwuu1 i I d t  s. I t.1 r ( T t o t I I  EP:, t !, t A t F t NI t NI- I 
I) 1 MLIJL I OiJ 
00 10 I = L t t I C  
A L = L P ; ( I ) t A  I F  A L .  I,,t. o .  o )  GO Tu NOTE: This alternate vers ion of SCINT with subsidiary 
CALL l p J 1 b (  r , b , L (  1) , I J ~ )  program SNCS can be used for  machines which require  
5(1)=\(1)*F more  than about 10 multiplications to generate a sine o r  
G O  1U 2U cosine. This routine generates  sine and cosine recur -  
sively when the integration s tep  is constant, r e c a l c d a -  
5bI= I ( 1 *AL ting the functions exactly every nth (10 here)  t ime to 
keep numerical  e r r o r s  generated by the recursion re la -  5 I f35M= S 1 N ( Si4 1 
COS5M=C05 ( SM 1 tion from building up. vo=u. - -  
UO 1 0  J Z L t N T  
XF(I ( J ) .LO.T(J -1 ) )  b0 TO 10 
U=T ( J )  * A L  
V=U-SM 
C A L L  
I F ( V . L O . V O )  GO TO 40 
I F ( A U S ( V ) . ~ T . O . U O S ) G O  TO 3 0  
CT=V*o , 5 - v * * 3 / 2 4 .  
5CII.I I / ,I @ $Cl,JT/.,l t SCI11 r / d I  
T ( 1 ) t Q ( 1 1 t t3 ( 1 1 El's ( 1 1 t S ( 1 ) 
5 s(I)=u. 
5NCL ( S I N 5  t COSS t SINSM t CO!>SMt U v SM t V t "0)  
ST=(  V * * L )  / 6 e - ( V * * 2 )  **2/12(1. 
GO r u  4.0 
3 0  C O N T l l l U C  
5 I 14 T = 5 I NCJ C OS 5 M- C 05 S * 5 X N 5  M 
C O ~ T = C O S S * C O S S M + 5 I N 5 * S I N 5 M  
S T = l  .-SliIT/V 
C T = ( l . - C O S T ) / V  
((0 S ( ~ ) = S ( I ) + ( Q ( J ) * ( S T * S I N S + C T * C O S S ) - Q ( J - r ) ~ ( S T * S I N S ~ ~ C T * C O S S ~ ) )  
5 ( 1 1 = 5 ( I ) - ( H ( J ) + ( - S T * C ~ S S + C ~ ~ S I N ~ ) - K ( J - l ) * ( - S T * C ~ ~ S M - C T * S ~ N S M ) )  
SM=U 




RET UR IJ 
ENU 
ldIL  FOR SNC5 
SUUHOU TINE SNCS ( S I f J S r  COSSv S I N S M t  CO55l.lr U t  SMp V t  V O )  
UATA K / U /  
10  CONI l l d U E  
20 C O N r l N U L  
C LHErCK THAT LAMUDA*UELTA T I S  IJNCHANGED T O  W I T H I N  5.E-8 
I F ( A ~ S ( V / V O - l . ) . L T . ~ . E - R ) G O  T O  20 
C CALCULATE E X P L I C I T L Y  
S I I J 5 = 5 I N  ( U )  
Cos5=cos(u) 
S I N U T L = S I N  ( d 1 
COSDTL=COS(V) 
k=O 
1 0  RETURN 
20 K=K+1  
C !,It4 ANU cos OF NLW L A M U D A * D ~ L T A  r 
C CALCULATE' UY RLCUH5 I O N  
IF(h.bE.1O)GU TO 30 
C ~ ~ ~ = C ~ ~ s M * C ~ 5 U T L - 5 I N S M ~ ~ I l ' l U T L  
5 I N 5= 5 I N 5 M  * C O5U T L + 5 I ND T L * C O S 5 M 
GO TO 1 0  
30 SINS:SIN(U) 
c o 5 5 = C O 5 ( u )  
K=U 
GO 10 1 U  
t N D  
RP FOR STEKP/Sl,STENP/Sl,STERP/Rl 
C INTtRPOLATES LINEARLY I N  TABLE OF LOG(S1)  TO GIVE S l ( 0 P  
SUBROUTINE STERP(BIUETA,N~,SINT) 
COMMON/STEHPC/SLOG(15O)@IC 
DIMENSION U E T A ( 1 )  
I F ( l j . G T . B E T A ( 1 ) )  GO T O  I 
S I N 1  =EXP (SLOG ( 1) 1 
GO TO 40 
1 I F ( B . L T . B E T A ( N B ) )  GO TO 2 
SINT=O 
GO T O  40 
2 IF(IC.LE.OIOH.IC.GT.NB)IC=~ 
1 0  IF(B.GE.dETA(IC)I GO TO 20 
xC=Lc-l 
GO T O  1 0  
I c= I c + 1  
GO TO 1 0  
PSLOG(IC)) 
20 I F ( B , L T . B E T A ( I C + I ) * )  GO TO 30 




w I FOR 5NEAR/SltSNEAR/SltSNEAR/Rl 





GO TO 40 
SNEARzS(NB1 
GO T O  40 
IF(BoGEoBETA(1))GO T O  1 
1 IF(BoLE*BETA(NB))GO TO 2 
2 I F ( I C o L E o O e O R e I C o G T o N B ) I C = l  
10 IF(tIeGEeBETA(1C))GO TO 20 
1c=xc-1 
GO TO 10 
1c=xc+1 
GO TO 10 





COMMON / S T E H P C / S L O G ( ~ S O )  
COMMON /IOCOM/I05rI06~I07~IOPCH 
D O  20 I = l , N E  
SK ( I ) = O  
I F ( S l ( I ) . L E . O . O ) G O  TO 1 0  
S L O G ( I ) = A L O G ( S 1 ( 1 ) )  
GO 1’0 20 
10 S L 0 6 ( 1 ) = - 1 0 0 .  
20 CONTINUE 
DO 1 2 0  K Z l t J S 5  
IF(ALPHA(IP).LT.ALP~W) 
l W H I T E ( I 0 6 t 4 0 )  ( A N K ( K , I ) * P = ~ P ~ O )  
40 F O H M A T ( / / 5 X 9 H A N K ( K s I ) = l P 7 E l S ~ 6 /  
NPHO=NPHON(K) 
DO t30 1-1,NE 
I N=O 
I N P = L A U S ( I N ) + I  
I N = l  N + 1  
IN=-NPHO 
N=IFIx(EPs(I)/x~(K))~~ 
50 C A L L  S T E R P ( A U S ( D E V A ( I ) - F L O A T ( I N  
SK(I)=SK(I)+ANK(K~INP)*SINT 







DI FOR ~ESSL/Sl,B€SSL/~l,BESSL/H1 
SUBHOUTINE BkSSL(XrHvNX) 
DIMtrN5ION 8(21),dF(~O) 
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END 
